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ABSTRACT
Design and Evaluation of Miniaturized Ion Trap Mass Analyzers Using Simulation
Radhya Weligama Gamage
Department of Chemistry and Biochemistry, BYU
Doctor of Philosophy
Mass spectrometry is a technique that analyzes the chemical compositions of compounds
based on the mass-to-charge ratio of their ionized constituents. Miniaturized ion trap mass
spectrometry finds application in a wide range of fields where portable, rugged, and reliable
analytical instruments are required. Ion traps of various designs have been introduced over the past
decades, each with their own unique advantages and capabilities. However, the process of
developing a novel miniaturized ion trap mass spectrometer continues to be fraught with
challenges.
This dissertation discusses simulation studies pertaining to the development of a novel dual
ion trap, the simplified coaxial ion trap, consisting of a simplified toroidal ion trap and a cylindrical
ion trap. Ions are initially trapped in the toroidal region and the target ions are transferred to the
cylindrical region where they are fragmented and mass analyzed, while the rest of the ion
population remains securely trapped in the toroidal region. The compact design and extended
trapping volume secure several advantages that are not available to conventional ion trap designs.
The simulations were geared towards the determination of an optimized geometry and optimal
operating conditions for the simplified coaxial ion trap.
Four main criteria were used in the determination of the ideal geometric and operating
conditions; namely, mass-selectivity of transfer from the toroidal to cylindrical traps, transfer and
trapping efficiency in the cylindrical ion trap, mass resolution, and unidirectional ejection. The
optimized geometry demonstrates successful trapping of ions in the toroidal region and selective
transfer of target ions to the cylindrical region. Unidirectional inward ejection of ions could be
achieved with a positive hexapole component in the electric field. The mass resolution under
optimized conditions of the toroidal trap was 0.3 Da (FWHM), which agrees with the experimental
value. The simplified coaxial ion trap yielded a total transfer and trapping efficiency of 25%. A
number of suggestions to improve the efficiency are also discussed as part of this work.

Keywords: miniaturized ion trap mass spectrometry, simulation, linear wire ion trap, simplified
toroidal ion trap, cylindrical ion trap
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CHAPTER 1: INTRODUCTION
1.1 Ion Trap History
Since their invention by J. J. Thomson and Francis Aston in the early 1900’s1, mass
spectrometers had predominantly been magnetic sector-type instruments until the advent of
quadrupole devices, which were notable deviants for using path stability to separate ions. The
ability to separate as well as store charged particles has made them indispensable to the field of
mass spectrometry. The history of quadrupole devices dates back to 19532,3, when the invention of
the quadrupole ion trap by Paul and Steinwedel heralded the dawn of this new line of devices that
use oscillating electric fields. Improvements made over the following years led to their first
commercialization in 19834.
The quadrupole mass filter (QMF), consisting of four hyperbolic rods, uses radiofrequency
(rf) electric fields to separate ions based on their path stability in two dimensions (Figure 1).
Rotating a cross-section of the QMF around the central axis yields the quadrupole ion trap (QIT).
The QIT, or the Paul trap, extends this principle to confine ions in three dimensions3. An RF
voltage of around 1 MHz is applied to the ring electrode of the QIT while the end-cap electrodes
are typically grounded. As an ion storage device, ion traps also found application in spectroscopic
experiments of trapped ions5,6, development of improved frequency standards7,8, and quantum
computing9,10,11. Wolfgang Paul, inventor of the rf QIT, and Hans Dehmelt, inventor of the Penning
trap, shared the Nobel Prize in Physics in 1989 for the development of ion trap techniques12.

1

Figure 1: (Left) Original 3D quadrupole ion trap. (Reprinted with permission from March, R. E. An
Introduction to Quadrupole Ion Trap Mass Spectrometry. Journal of Mass Spectrometry 1997, 32 (4), 351369.)13 (Right) quadrupole mass filter (Reprinted with permission from Paul, W. Electromagnetic Traps for
Charged and Neutral Particles (Nobel Lecture). Angewandte Chemie International Edition in English 1990,
29 (7), 739-748 )14.

Ion trap mass spectrometry has grown through discoveries of new modes of operation that
unveiled its unique capabilities. The following sections will discuss briefly the theory, modes of
operation, and applications of ion trap mass spectrometers.
1.1.1 Ion trap theory
For an ideal QIT, the potential at any point inside the trap can be expressed as:
ϕx,y,z = 𝐴𝐴(𝜆𝜆x2 + 𝜎𝜎𝜎𝜎2 + 𝛾𝛾𝛾𝛾2) + C

(1)

2

where x, y, z are position coordinates and 𝜆𝜆, 𝜎𝜎, 𝛾𝛾 represent the distribution in each coordinate. ‘A’

is a constant that includes the potential applied between ring and end-cap electrodes for time-

independent quadrupoles. However, QIT’s typically use an RF voltage, and ‘A’ will therefore
include an RF as well as a DC potential. C is a constant that represents the common potential
applied on all electrodes, which, too, may have both RF and DC components. As a result of the
Laplace condition (∇2 ϕ = 0),
𝜆𝜆 + 𝜎𝜎 + 𝛾𝛾 = 0

(2)

𝜆𝜆 = 1, 𝜎𝜎 = -1, 𝛾𝛾 = 0

(3)

The simplest solution

corresponds to the geometry of the ideal QMF or the LIT. Therefore, Equation 1 can be rewritten
as
ϕx,y = 𝐴𝐴(x2 - 𝑦𝑦2) + C

(4)

Where the potential between electrodes of opposing polarity is ϕ0, and C = 0, the potential inside

the trap can be written as
ϕx,y =

ϕ0

2𝑟𝑟 2

(x2 - 𝑦𝑦2)

(5)

Since the QMF requires both RF and DC components, the potential applied between electrodes of
opposing polarity (ϕ0) can be expressed as
ϕ0 = 2(U + Vcos(Ωt))

(6)

where U and V are the amplitudes of the DC and RF components respectively.
Combining (5) and (6), the potential inside an ideal QIT is,
3

ϕx,y =

2(U + Vcos(Ωt))
2𝑟𝑟 2

(x2 - 𝑦𝑦2)

(7)

This equation can also be used to derive a mathematical expression for the motion of an ion trapped
in an ideal quadrupole field. Partial differentiation of Equation 7 with respect to x gives the electric
field in x, which in turn can be used to write an expression for the acceleration of an ion in x
direction as follows:
𝑑𝑑 2 𝑥𝑥

m(

𝑑𝑑𝑡𝑡 2

) = -e

ϕ0 𝑥𝑥

(8)

𝑟𝑟 2

where m is the mass of the ion. Substituting (6) gives,
𝑑𝑑 2 𝑥𝑥

m(

𝑑𝑑𝑡𝑡 2

) = -e (

2(U + Vcos(Ωt)) x
𝑟𝑟 2

)

(9)

which can be rearranged as follows:
𝑑𝑑 2 𝑥𝑥
𝑑𝑑𝑡𝑡 2

=-(

2eU

𝑚𝑚𝑚𝑚 2

+

2eVcos(Ωt)
𝑚𝑚𝑟𝑟 2

)x

(10)

This equation closely resembles the Mathieu equation15,
𝑑𝑑 2 𝑢𝑢
𝑑𝑑ξ2

+ (𝑎𝑎𝑢𝑢 − 2 𝑞𝑞𝑢𝑢 𝑐𝑐𝑐𝑐𝑐𝑐2ξ) u = 0

(11)

where u is displacement and ξ is a dimensionless constant.

Equation 10 fits the forms of the Mathieu equation once the following substitution is made:

ξ = Ωt/2

(12)

which gives:
𝑑𝑑 2 𝑢𝑢
𝑑𝑑𝑑𝑑 2

=

𝛺𝛺2 𝑑𝑑 2 𝑢𝑢
4 𝑑𝑑ξ2

(13)
4

Substitution with equation 11 gives
𝑑𝑑 2 𝑢𝑢
𝑑𝑑𝑑𝑑 2

𝛺𝛺2

=-

(14)

(𝑎𝑎𝑢𝑢 − 2 𝑞𝑞𝑢𝑢 𝑐𝑐𝑐𝑐𝑐𝑐2ξ) u

4

This enables direct comparison of Equation 10 with the right-hand side of Equation 14 for u = x
as follows.
-(

2eU

𝑚𝑚𝑚𝑚

+
2

2eVcos(Ωt)

Therefore,
ax =

qx =

𝑚𝑚𝑟𝑟 2

) x = -(

𝛺𝛺2
4

𝑎𝑎𝑥𝑥 -

𝛺𝛺2
4

2 𝑞𝑞𝑥𝑥 𝑐𝑐𝑐𝑐𝑐𝑐Ωt) x

(15)

8𝑒𝑒𝑒𝑒

(16)

−4𝑒𝑒𝑒𝑒

(17)

𝑚𝑚𝑟𝑟0 2 𝛺𝛺2
𝑚𝑚𝑟𝑟0 2 𝛺𝛺2

Similarly, for ion motion in the y direction,
ay = - ax

(18)

qy = qx

(19)
All quadrupole devices use path stability for ion containment and mass analysis. A charged

particle in a quadrupole device may have either a stable or an unstable trajectory in each dimension.
Solutions of the Mathieu equation give the conditions for ion stability in each dimension. The
trapping parameters au and qu determine the stability or instability for a given m/z, under given
operating conditions of frequency and voltage of the RF and DC potentials applied.
A graphical representation of stable and unstable ion trajectories in all dimensions is called
a stability diagram and is unique to each ion trap geometry. Figure 2 (a) shows the stability diagram
5

in x and y for the ideal LIT. There are multiple stability regions beyond that shown in Figure 2(a)
which are not typically used for mass analysis.
The boundaries of stable regions are marked by integer values for βu, a secondary trapping
parameter. Within the stability region shown, 0 < βu < 1 indicates that the ion is stably trapped.
βu = au +

(β𝑢𝑢 +2)2 − 𝑎𝑎𝑢𝑢 −

2
𝑞𝑞𝑢𝑢

𝑞𝑞2
𝑢𝑢

𝑞𝑞2
𝑢𝑢
(β𝑢𝑢 +4)2 −𝑎𝑎𝑢𝑢 −
(β𝑢𝑢 +6)2 −𝑎𝑎𝑢𝑢−⋯

+

(β𝑢𝑢 −2)2 − 𝑎𝑎𝑢𝑢 −

2
𝑞𝑞𝑢𝑢

𝑞𝑞2
𝑢𝑢

(20)

𝑞𝑞2
𝑢𝑢
(β𝑢𝑢 −4)2 −𝑎𝑎𝑢𝑢 −
(β𝑢𝑢 −6)2 −𝑎𝑎𝑢𝑢−⋯

A simpler formula for βu, given by the Dehmelt approximation below15, holds for qu < 0.4.
1

βu ≈ �𝑎𝑎𝑢𝑢 + 2 𝑞𝑞𝑢𝑢2

(21)

Following a similar procedure as above and solving the Laplace equation for the 3D QIT
geometry gives
𝜆𝜆 = 𝜎𝜎 = 1, 𝛾𝛾 = -2

(22)

which finally yields the following Mathieu parameters in polar coordinates:
az =

qz =

−16𝑒𝑒𝑒𝑒

(23)

𝑚𝑚(r20 +2z20 )𝛺𝛺2
8𝑒𝑒𝑒𝑒

𝑚𝑚(r20 +2z20

(24)

)𝛺𝛺2
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Figure 2: (Left) Stability diagram for 2D linear (Reprinted with permission from Douglas, D. J.; Frank, A.
J.; Mao, D. Linear ion traps in mass spectrometry. Mass Spectrometry Reviews 2005, 24 (1), 1-29)16 and
(Right) 3D ion traps (Reprinted with permission from March, R. E. An Introduction to Quadrupole Ion Trap
Mass Spectrometry. Journal of Mass Spectrometry 1997, 32 (4), 351-369.)13

Besides stability, another important parameter that characterizes ion motion is the secular
frequency. An ion’s fundamental secular frequency in a given direction is useful for resonantly
exciting ion motion for ejection or collision induced dissociation. Besides the fundamental secular
frequency, higher-order secular frequencies, ωu, also contribute to ion motion.
1

ωu = (n + 2 𝛽𝛽𝑢𝑢 )Ω

for 0 ≤ n < ∞

(25)

ωu = - (n + 2 𝛽𝛽𝑢𝑢 )Ω

for -∞ < n < 0

(26)

1

n = 0 indicates the fundamental secular frequency.
1.1.2 Nonlinearity of electric field and higher-order multipoles
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The perfect quadrupole field cannot be created in reality due to practical reasons. For
instance, the hyperbolic electrodes cannot extend indefinitely and require truncation, machining
inaccuracies cause surface irregularities or roughness on the hyperbolic surfaces17, ion ejection
slits or holes contribute to deviations from the perfect electrode geometry18,19 and inaccuracies in
electrode assembly can cause misalignments20,21. All of these contribute to introduce nonlinear
components to the electric field within a trap.
Electric field nonlinearities with the same symmetry as the trap itself can be quantified in
terms of the individual multipole contributions. Typically, lower-order even multipoles, such as
octopole (fourth order) and dodecapole (sixth order) terms, are dominant and have the greatest
effect on performance. Odd-order multipoles, such as the hexapole (third order) and decapole (fifth
order) terms, indicate asymmetry in the electrode structure. Despite being deviations from the ideal
quadrupole field, the effects of nonlinear field components have been shown to improve ion trap
performance under certain circumstances. For instance, with the discovery of the stretched ion trap
geometry of the Finnigan MAT ion trap22, it has become routine practice in the design of ion traps
to introduce deliberate and measured nonlinear components.
Each nonlinear field component introduces non-linear features to the stability diagram of
ion traps. They often change the shape of the stability diagram23 as well as introduce nonlinear
resonance lines known as black canyons24,25,26,27 and sometimes jagged edges. If not taken into
account, these areas of instability lead to ion losses and misleading compositions of samples.
Nonlinear field components also affect the secular frequencies of ion motion. Unlike the
case of a pure quadrupole, the x and y components of the field become coupled. This in turn means
that the secular frequencies of the ions in x and y dimensions also become coupled (Equation 28).
The amplitude and frequency of ion motion are no longer independent. In addition to the secular
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frequencies of Equation 25 and 26, overtone frequencies become superimposed on the ion motion,
which enable ions to take up energy from the RF field. Furthermore, instead of being fixed, secular
frequencies now become amplitude-dependent. This can cause target ions to fall out of resonance
unexpectedly as well as for untargeted ions to come into resonance under certain modes of
operation. Moreover, nonlinearities introduce mass shifts to the peaks on a mass spectrum,
typically caused by the presence of end-cap perforations and can be corrected by intentionally
introducing another measured nonlinearity to counteract the original, as was done in the
commercial Finnigan MAT ITMS22.
Nonlinear field components can be mathematically represented as follows in spherical coordinates.
ϕ (ρ,θ, φ) = ϕ0 ∑∞
𝑛𝑛=0 𝐴𝐴𝑛𝑛

ρ𝑛𝑛

𝑟𝑟0𝑛𝑛

(27)

𝑝𝑝𝑛𝑛 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

where An is the coefficient of the nonlinear component and Pn terms are Legendre polynomials of
order n.
For instance, once expanded and applied to the hexapole (A3) term in x,y,z coordinates,
ϕ = ϕ0 A3

3𝑥𝑥 2 𝑧𝑧+3𝑦𝑦 2 𝑧𝑧−2𝑧𝑧 3

(28)

2𝑟𝑟03

As seen in Equation 28, x, y, and z components of the field are no longer independent.
Even when crossing nonlinear resonance lines, ions do not always end up with unstable
trajectories. This is because, with increasing amplitude, the secular frequencies change, and the
ion drifts out of resonance. Drifting in and out of resonance in this manner causes ion motion to
take up a beat pattern.
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The unavoidable presence of nonlinear field components and their possible detrimental
effects on performance is a major reason that necessitates the evaluation of performance prior to
fabrication of ion traps. Charged particle simulation software, such as SIMION, are a valuable tool
that allows us to evaluate an electrode scheme prior to fabrication and thereby save time and
resources.
1.1.3 Methods of Operation
Progress in the field of ion trap mass spectrometry came in three distinct stages; namely,
the development of mass-selective detection, mass-selective storage, and mass-selective ejection
techniques4. Each stage saw improvements and expansion in the modes of operation. Early ion
detection in ion traps involved mass-selective detection, where stored ions were detected by
sensing their motion by means of the image charges they induce on the electrodes3. In the next
stages of development, mass-selective storage of a chosen m/z was achieved by moving the
operating point to the apex of the stability diagram, thus destabilizing the trajectories of all but the
targeted m/z ratio at any given time (Figure 3). In this mode of operation, the RF and DC voltages
are gradually scanned while keeping the DC/RF ratio constant until the operating line passes
through the apex. During a forward scan, ions of increasing m/z ratio get trapped sequentially. At
any given time, the trap contains a single (or a narrow window of) m/z ratio. As the scan proceeds,
the trapped ions become unstable and eject axially on to an external electron multiplier detector.
Thus, in this stage of ion trap development, ion detection moved from sensing induced charges to
ejecting ions from the trap to be detected with external detectors.
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Figure 3: Mass-selective storage of ions at the apex of the stability diagram (Reprinted with permission
from Blaum, K.; Geppert, C.; Müller, P.; Nörtershäuser, W.; Otten, E.; Schmitt, A.; Trautmann, N.; Wendt,
K.; Bushaw, B. Properties and performance of a quadrupole mass filter used for resonance ionization mass
spectrometry. International Journal of Mass Spectrometry 1998, 181 (1-3), 67-87)28

The simplest method of mass-selective ejection, mass-selective instability scan29, also
known as boundary ejection, involves RF-only operation where the RF is scanned (along the a=0
line on the stability diagram) until ions reach the edge of the stability diagram and get ejected
sequentially in order of increasing m/z ratio at the point q=0.908.
Resonance ejection, on the other hand, is a commonly-employed method of operation
whereby ions at a particular β value are resonantly excited using an auxiliary AC voltage30,31. The
excitation voltage is typically applied as a dipole, i.e. the voltage on opposing electrodes are 180o
out of phase. Multiple variations of resonance excitation, such as double resonance excitation and
broadband excitation, are used for different applications of ion traps.
The choice of the method of operation depends on the application, required resolution,
sensitivity, and signal intensity, as well as considerations such miniaturization.
1.1.4 Tandem Mass Spectrometry
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One of the most valuable features of ion traps is their ability to perform tandem mass
spectrometry30. Here, a target m/z ratio is subjected to fragmentation and the fragments followed
by a second stage of mass analysis. Fragmentation patterns are useful for differentiating
compounds of similar m/z. They also reveal important structural information about the parent
ion32,33,34,35,36.
Tandem-in-space requires multiple analyzers for selection and isolation steps. However,
due to their ability to store as well as scan ions, ion trap mass spectrometers allow tandem-in-time
analysis whereby a single trap can be used for all selection, isolation, and fragmentation steps
sequentially in time. This advantage in turn aids miniaturization efforts.
1.2 Ion Trap Evolution
Among other applications, the first commercial ion trap mass spectrometer (Finnigan MAT
ITMS), developed in the mid 1980’s, was also intended to function as a detector for gas
chromatography4. In merging ITMS with gas chromatography, it was necessary to operate the ion
trap at relatively high pressure of around 1 mTorr, which, for the time, surprisingly led to improved
performance in terms of resolution and sensitivity4. This compatibility with high-pressure
operation, a unique advantage of ion traps, was later attributed to increased collisional cooling that
accompanies increased pressure. Collisional cooling focuses ions more tightly to the trap center
where the electric field is more uniform, leading to better and more predictable ion ejection
characteristics. This feature of ion traps has since been exploited to expand the range of ion trap
utility.
The Finnigan ITMS also became instrumental in reaching another milestone in ion trap
development when the ‘stretched’ geometry of this ion trap was seen to yield improved
performance. The stretched geometry refers to an axial to radial dimension ratio of 0.783, whereas
12

the ratio in an ideal quadrupole would be 0.70722,23. The stretch introduces a positive octopole to
the field in the trap, which was thought to compensate for an existing negative octopole from the
end-cap perforations. This discovery laid the foundation for the manipulation of higher-order field
components and the invention of a host of ion trap geometries in the coming years.
In more recent years, other modes of operation have been introduced. For instance, the
digital ion trap (2001) replacing sinusoidal waveforms with rectangular waveforms, secures a
number of advantages such as better control over the timing and phase of the RF voltage.
Moreover, digital operation enables duty cycle modulation for mass-selective ejection and thereby
eliminates the need for the dipole excitation voltage (typically applied on the end-cap electrodes)37.
The incorporation of frequency scanning methods such as SWIFT has also added to ion
trap capabilities and expanded its range of applications.
Collectively, these improvements have ensured that modern commercial ion trap mass
spectrometers have resolutions of around 0.1 Th (FWHM) and mass ranges from 15 to 4500 m/z.
However, a further fraction of ion trap advancements was brought about as a result of the
need for portable mass spectrometers. As we shall see next, miniaturization is one of the most
impactful ways in which ion traps have improved over the past few years.
1.3 Ion Trap Miniaturization
1.3.1 Significance of and motivation for ion trap miniaturization
The invention of the ion trap in 1953 added new capabilities to the field of mass
spectrometry. However, ion trap mass spectrometry is not without its share of challenges. Despite
their many advantages and analytical capabilities, such as high resolution and sensitivity, mass
spectrometers are large, expensive, and fragile devices. These drawbacks limit their usage in
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portable analytical systems. For instance, time-sensitive biological samples may require rapid and
on-site analysis which can only be achieved with a portable analytical system. Other examples
include the deployment of mass spectrometers in space which require that they be small and
portable. Miniaturized mass analyzers are also usually expected to be robust since most of their
target applications take place under harsh environmental conditions. Therefore, miniaturization is
necessary to unleash the full potential of mass spectrometry.
1.3.2 Miniaturized mass analyzers
Miniaturization of mass spectrometers begins with miniaturizing the mass analyzer. A
smaller mass analyzer requires a smaller vacuum chamber, smaller pumps, a smaller detector, and
places a lower load on the power supplies.
Early efforts in miniaturization began with sector type instruments. Some of these include
miniaturized magnetic sector-type analyzers38,39,40,41, time-of-flight (TOF) analyzers42,43, and
Fourier transform ion cyclotron resonance (FT-ICR) spectrometers44. However, the nature of the
components of these instruments placed serious limitations on the extent to which they could be
miniaturized.
Ion trap mass spectrometers, on the contrary, are inherently better suited to miniaturization.
They are smaller in size than any other mass analyzer. Further scaling down the size of an ion trap
allows it to operate at lower voltages. This can be seen by the Mathieu parameters of Equation 16
and 17. Therefore, the load on the power supply decreases with miniaturization. Moreover, their
small size, combined with the ability to operate at relatively high pressure places a significantly
lighter gas load on pumps. Since peripheral components such as pumps and power supplies make
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a significant contribution to the overall weight and size of the mass spectrometer, replacing these
components with smaller ones is very helpful to creating a portable instrument.
One of the challenges to ion trap miniaturization is the necessity of hyperbolic electrodes
to create an ideal quadrupole field. Due to the practically unavoidable nature of machining
inaccuracies when creating a hyperbolic surface, deviations from the expected electric field are
very common. Miniaturization of ion traps only adds to the problems since the tolerance for
inaccuracies drops significantly as the instrument is scaled down. In order to overcome this
difficulty, simplified electrode surfaces were developed beginning with the cylindrical ion trap29,
later with the rectilinear ion trap45, and even more recently with a host of other simplified
geometries46,47,48,49.
Space charge effects become increasingly important with miniaturization50. Certain
modifications to ion trap geometry have been made to improve its capacity for ion storage.
Elongation of the ion trap and extending the trapping dimension to a torus-shape are some of the
ways in which this has been achieved.
1.3.3 Ion trap geometries
The rectilinear ion trap (RIT) derived from the quadrupole linear ion trap (Figure 4), is a
prime example of simplified electrode geometry45. Here, the hyperbolic electrode surfaces have
been replaced by rectangular, flat surfaces which are considerably easier to machine and therefore
have a lower likelihood of machining inaccuracies. Similar to a linear ion trap, the rectilinear ion
trap also has high ion capture and storage efficiency due to trapping ions along the axial direction
rather than concentrating ions around a point. Moreover, this development makes miniaturization
much easier.
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Figure 4: The evolution of the rectilinear ion trap and the cylindrical ion trap. (Reprinted with permission
from Ouyang, Z.; Wu, G.; Song, Y.; Li, H.; Plass, W. R.; Cooks, R. G. Rectilinear ion trap: concepts,
calculations, and analytical performance of a new mass analyzer. Analytical Chemistry 2004, 76 (16), 45954605.)45

Another example of simplified electrode geometries is the cylindrical ion trap, derived
from the 3D quadrupole ion trap (Figure 4)29. Once more, the simplified electrode geometry
facilitates miniaturization.
Increasing storage capacity is another motivation for new ion trap geometries. The toroidal
trap introduced in 2002 is built by rotating the 3D quadrupole ion trap about an external axis
(Figure 5)51. An asymmetric version of the toroidal ion trap, however, showed improved
performance, since the asymmetry in the cross-section compensates for the curvature in the
electrodes.
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Figure 5: Toroidal ion trap cross-section. Symmetric (left) and asymmetric (right) versions. (Reprinted with
permission from Lammert, S. A.; Plass, W. R.; Thompson, C. V.; Wise, M. B. Design, optimization and
initial performance of a toroidal rf ion trap mass spectrometer. International Journal of Mass Spectrometry
2001, 212 (1-3), 25-40.)51

A simplified version of the toroidal ion trap was introduced in 201552 with the goal of simplifying
the electrode fabrication process and facilitating miniaturization (Figure 6). The simplified toroidal
ion trap may be thought of as the result of rotating a cylindrical ion trap about an axis external to
itself.

Figure 6: The evolution of the simplified toroidal ion trap electrode geometry. (Reprinted with permission
from Taylor, N.; Austin, D. E. A simplified toroidal ion trap mass analyzer. International Journal of Mass
Spectrometry 2012, 321, 25-32.)52
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Microfabricated ion trap arrays mark a conceptual advancement over regular ion traps and are an
alternative approach to retaining a large trapping volume while reducing the mass analyzer
dimensions53,54. A microfabricated CIT array on a chip was first introduced in 2004 and was
facilitated by fabrication techniques such as micro-electromechanical systems (MEMS) based
methods55.
Ion traps created from lithographically patterned electrodes mark another milestone in the journey
towards miniaturization. The halo ion trap, shown in Figure 7, with a toroidal trapping geometry,
consists of a remarkably simple electrode arrangement. It consists of two parallel ceramic plates
the inner surfaces of which bear printed ring electrodes56,57. Moreover, the electric field is no longer
dependent on the electrode geometry. Therefore, the halo trap demonstrates a method to generate
arbitrary trapping geometries using printed electrode rings56. For these reasons, the halo ion trap is
a promising prospect for miniaturization.

Figure 7: Halo ion trap. Electrodes printed on the inner surfaces of the two plates facing each other. Ions
trapped between the plates. (Adapted with permission from Austin, D. E.; Wang, M.; Tolley, S. E.; Maas,
J. D.; Hawkins, A. R.; Rockwood, A. L.; Tolley, H. D.; Lee, E. D.; Lee, M. L. Halo ion trap mass
spectrometer. Analytical Chemistry 2007, 79 (7), 2927-2932.)56

Similar to the halo trap, the coaxial trap made of lithographically patterned ring electrodes consists
of concentric quadrupolar and toroidal trapping regions58. With this trap, ions could be transferred
from the outer toroidal region to the inner quadrupolar region.
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The miniaturized planar-electrode linear ion trap (Figure 8) is another fine example of
lithographically patterned electrodes. This device consists of 10 electrode elements with a different
RF amplitude on each to create the 2D quadrupolar trapping field47,59,60. With optimized plate
spacing and the incorporation of a tapered ejection slit, the planar linear ion trap demonstrated a
mass resolution of 0.33 Th (FWHM)61.

Figure 8: Planar-electrode linear ion trap with printed electrodes. (Adapted with permission from Li, A.;
Hansen, B. J.; Powell, A. T.; Hawkins, A. R.; Austin, D. E. Miniaturization of a planar‐electrode linear ion
trap mass spectrometer. Rapid Communications in Mass Spectrometry 2014, 28 (12), 1338-1344.)47

Another unique example of ion trap miniaturization is provided by the miniaturized linear wire ion
trap (Figure 9) where the trapping field is created by 4 sets of wires, 6 wires per side, positioned
to closely match a quadrupole field48,49. Wire trap operation has been demonstrated with two
ionization sources – electron ionization and single-photon (extreme ultraviolet) ionization. The
design is very light, inexpensive, easy to fabricate, and is a good candidate for portable mass
spectrometry.
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Figure 9: Linear wire ion trap with six wires a side (left) and the equipotential lines on a cross-section
(right). Reprinted with permission from Gamage, R. W.; Austin, D. E. The effects of electrode
misalignments on the performance of a miniaturized linear wire ion trap mass spectrometer. International
Journal of Mass Spectrometry 2020, 453, 116344.)62

It has now become routine practice to simulate ion trap geometries prior to fabrication to save time
as well as resources. This usually involves characterizing the electric field within a trap as well as
simulating critical performance parameters such as resolution, sensitivity, and selectivity, finding
an ideal electrode geometry that optimizes the above.
1.3.4 Applications of miniaturized ion traps
A number of recent advancements in the front-end processes that precede mass analysis are
compatible with and directly aid mass spectrometry miniaturization. Ambient ionization
techniques63, such as DESI64,65 and paper spray66,67, for instance, drastically simplify sample
preparation and introduction. Membrane introduction, usually applied to volatile analytes,
provides another example of a technique that simplifies the process of sample introduction68,69,70.
Meanwhile, techniques such as discontinuous atmospheric pressure interface (DAPI), help to
simplify pumping requirements71. Collectively, these discoveries have complemented the growth
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of miniaturized mass analyzers and have been incorporated into several portable mass
spectrometers72,73,74,75.
Some of the most popular applications of miniaturized ion trap mass spectrometers are seen
in the fields of forensics and security, space exploration, medical diagnostics, and environmental
monitoring76. Most of these, being harsh environment applications, require that instruments be
portable and rugged. The Mars Organic Molecule Analyzer (MOMA) for instance, employs an
ITMS for mass analysis77 while the Huygens probe carried a GC-MS system with a quadrupole
mass filter78. Detection of trace levels of explosives is a common application that requires portable
mass spectrometry and is usually coupled with ambient ionization79,80,81. Using these instruments,
traces of explosives can be detected from clothing, hands, and even in the form of contaminants in
soil and water70. Portable ion trap mass spectrometers capable of tandem analysis, coupled with
ambient ionization, have also been applied to the analysis of household chemicals82. Mini10, a
handheld mass spectrometer using a membrane inlet was introduced in 2010 and demonstrated
real-time analysis of benzene, toluene, and ethylbenzene in air with sub-ppb limits of detection83,84.
Mini 11 introduced in 2008 employed DAPI and was coupled with multiple ionization sources73.
In 2014, Mini12, the benchtop mass spectrometer was used in the detection of trace levels of
therapeutic drugs in blood, demonstrating its potential in clinical settings72. A backpack-sized
portable mass spectrometer was introduced in 2014 enabling direct sample analysis from surfaces
and was shown to be capable of nanogram-level limits of detection85. Finally, miniaturized in-situ
mass spectrometry was shown to be a viable choice for point-of-care diagnostics75,86,87. Owing to
the simplified workflows, portable instruments do not require complicated sample preparation or
expertise in instrument operation, making them ideal for such applications where quick results are
needed.
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1.4 Simulation of ion trap operation with SIMION
The process of mass analyzer performance optimization is rendered very tedious and
complicated by the large number of variables, both design and operational. Simulation software
provides a convenient tool to optimize and assess these devices as well as to evaluate proposed
designs. As was discussed in Chapter 1.3.3, ion traps come in all shapes and sizes. However, a lot
of work goes into the careful design of their electrode arrangements and the determination of their
operating conditions. For instance, it is necessary to determine the ideal electrode geometry, the
amplitudes and frequencies of drive and auxiliary voltages, the timing of these voltages, as well as
the background gas pressure. This design process can be made very efficient with the aid of
simulation software.
In our work, we have used SIMION 8.1 ion trajectory simulation software (Scientific
Instrument Services, Inc., Ringoes, NJ, USA) to design and optimize ion traps. SIMION allows
the user to create electrode geometries and predicts the behavior of ions in a given electric field.
The electric fields in SIMION are derived by solving the Laplace equation using a finite difference
method. The user program feature allows to take into consideration even more variables, such as
the effect of pressure. Time-varying voltages can also be applied through user programs. Besides
manually drawing electrode geometries, they can also be imported to SIMION from other
programs. Electrode arrangements can easily be scaled up or down. SIMION is also capable of
auto-optimizing geometry based on given criteria. Besides electrode geometries and voltages,
particle variables such as ion initial conditions can also be manipulated on SIMION.
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1.5 Overview
This dissertation describes simulations that were used to design, evaluate, and optimize novel
miniaturized ion trap mass analyzers with emphasis on determining optimal geometry and
operating conditions.
Chapter 2 focuses on the miniaturized linear wire ion trap (LWIT). Simulations were used
to determine the susceptibility of the LWIT to wire misalignments. The effects of wire
misalignments were quantified in terms of the effect on the electric field. These changes in the
electric field were then compared to comparable electrode misalignments in other ion trap
geometries.
Chapter 3 describes our findings related to the design and optimization of a simplified
toroidal ion trap (SCIT). The SCIT is a novel dual-ion-trap design capable of tandem analysis. In
this work, we determined design and operational constraints that come into play during the
development of the said ion trap. The optimum geometry and optimum operating conditions are
described. We also briefly discuss potential methods of improving its performance.
Chapter 4 describes our efforts in merging a rectilinear ion guide (RIG) with the SCIT. We
discuss the different modes of merging the two components and the limitations that each method
entails.
Chapter 5 discusses future work as planned for improving the functionality of the SCIT.
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CHAPTER 2: THE EFFECTS OF ELECTRODE MISALIGNMENTS ON THE
PERFORMANCE OF A MINIATURIZED LINEAR WIRE ION TRAP MASS
SPECTROMETER
(This chapter has been published as an article: “Gamage, R. W.; Austin, D. E. The effects of
electrode misalignments on the performance of a miniaturized linear wire ion trap mass
spectrometer. International Journal of Mass Spectrometry 2020, 453, 116344.”1. My individual
contribution was in developing the method, creating the wire electrode shapes for simulation,
simulating the electric fields, data analysis, and writing the draft manuscript.)

2.1 Introduction
High sensitivity, mass resolution, selectivity, and the ability to determine molecular
structure make mass spectrometry the analytical tool of choice for numerous applications2,3,4,5,6.
Miniaturization of mass analyzers dramatically widens the utility of these instruments and opens
up the possibility of applications which were hitherto impossible7,8,9,10. In-situ analysis under harsh
environmental conditions7, real-time medical diagnosis8 requiring rapid and on-site analysis, space
exploration9, and security and defense applications10 are only a few of the areas which benefit from
the development of portable and miniaturized mass spectrometry systems. The emergence of
techniques such as micro-electro-mechanical systems (MEMS) for fabrication11, printed
electrodes12, polymer-based fabrication13, and developments in the field of electronics have been
instrumental in driving the efforts of mass analyzer miniaturization.
Nearly all types of mass analyzers, including sector type14,15,16, time-of-flight17,18,19, and
quadrupole20,21,22 have seen miniaturization efforts. However, owing to smaller size and higher
tolerance to pressure, miniaturization efforts have concentrated on ion traps much more than any
other mass analyzer23,24,25. Toroidal26,27, halo28,29, rectilinear30,31, and cylindrical32,33,34,35 ion traps are
some of the geometries that have been miniaturized. Miniaturization of ion traps, however, entails
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its own unique challenges36. Problems associated with miniaturization include space charge effects
and the resulting reduction of trapping capacity37, lowered tolerance to mechanical error and
surface roughness38, and high capacitance placing limitations on the applied voltage39. The smaller
size makes miniaturized ion traps more sensitive to geometry deviations and electrode
misalignments compared to their larger scale counterparts.
An ideal quadrupole electric field for an ion trap is not achievable in practice39. Electrode
truncation, surface roughness, machining errors deviating the electrode surfaces from a perfectly
hyperbolic shape, and ion ejection slits all introduce nonlinear components to the electric field,
making the field multipolar, rather than quadrupolar40,41. Furthermore, misalignments or geometry
deviations may be introduced at any stage during fabrication, assembly, and operation. During
fabrication, machining limitations as well as surface roughness38 contribute to discrepancies from
the ideal electric field. Assembly of the electrodes could also introduce electrode misalignments.
Moreover, in the case of portable instruments, in-field applications especially heighten the chances
of electrode misalignments due to factors such as transportation on unpaved terrain, accidental
falls and jolts during handling, and exposure to extreme environmental conditions.
Nearly all miniaturized ion traps have opted for simplified electrode geometries as opposed
to hyperbolic electrodes26,27,28,29,30,31,32,33,34,35, making their electric fields inherently nonlinear. Ion
trap operation and performance, with respect to mass range, ion ejection, sensitivity etc., are highly
sensitive to the nature of the electric field39. The accuracy of the electric field in turn is highly
sensitive to the electrode alignment. For instance, high-order (nonlinear) electric field components
can be used to induce or enhance ion ejection. On the other hand, nonlinearities which lead to
resonance conditions passing through the stability region of the trap, could potentially cause ion
losses39, ion ejection delays39, and poor resolution during reverse scan resonance ejection41.
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Therefore, the effects of any unforeseen changes to the electric field could be detrimental to
performance, making it crucial to characterize the electric field of an ion trap and understand how
it could change with possible electrode misalignments.
Ours and several other research groups have addressed ion trap geometry deviations in
previous studies. Among these are geometry optimization studies which simulate or calculate the
field for different geometries to determine that which yields the best performance. Examples
include the optimization studies on the linear wire ion trap42, the halo ion trap29, the cylindrical ion
trap43,44, the rectilinear ion trap30, and the coaxial ion trap45. Studies of electrode misalignments
follow a similar procedure to optimization. Electrode misalignment effects of the planar linear ion
trap46, two-plate linear ion trap47, and linear ion trap48 have been done in the past using experiments,
simulations using SIMION, and calculations respectively.
Previous studies have established the linear wire ion trap (LWIT) as a robust mass analyzer
lending itself particularly well to miniaturization42,49. The LWIT replaces solid electrodes with 24
wires – 6 on each side – held in place by two PCB support plates on either end (Figure 10). This
design makes the mass analyzer much lighter than a conventional solid-electrode ion trap. The size
of the LWIT can be scaled up or down depending on the mass range of the intended application,
and the number of wires on each side can be reduced for smaller traps and easier assembly. The
positions of the wire electrodes are optimized for the best resolution. Shown to have a FWHM in
the range of 0.1 Th and limit of detection in the ppbv range when using a single photon ionization
source, the LWIT achieves the objective of light weight, low capacitance, and small size without
compromising on performance.

32

Figure 10: (Left) the linear wire ion trap. (Right) radial view of the equipotential lines (red) within the
linear wire ion trap, closely resembling those of a quadrupole ion trap towards the center. The wire
electrodes are shown in brown.

As an instrument intended for portable applications requiring frequent transportation,
perhaps under extreme environmental conditions, ruggedness is a particularly important trait for
the LWIT. Ideally, the instrument performance would not be affected by jolts and falls during
handling. However, in-field applications are likely to induce electrode misalignments in the ion
trap. This study is aimed at investigating the susceptibility of the LWIT electric field to electrode
misalignments that might arise any time after trap assembly. Errors during fabrication or assembly
are governed by the precise positioning of the holes in the support plates. On the other hand,
misalignments after assembly can be caused by changes in the relative positions of the support
plates and the wires between them. Since the wire electrodes have fixed positions on the support
plates and are kept tight, all such misalignments of the LWIT can be represented as misalignments
of the support plates. Three types of misalignments encompass all of the support plates’ degrees
of freedom; namely, shear, tilt, and twist of the plates relative to each other. Since any electrode
misalignment should manifest as changes in the electric field in the trap, simulations are done to
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quantify the changes to the field in terms of the multipoles. The changes in the multipoles
corresponding to electrode misalignments, are indicative of the tolerance of the LWIT to
misalignments and its robustness. This is followed by a comparison of the LWIT to solid-electrode
ion traps in terms of tolerance to electrode misalignment.
2.2 Methods
This section describes the procedure adopted in the quantification and evaluation of each
type of misalignment. Each misalignment was drawn on AutoCAD and converted to a potential
array on SIMION. For each case, the potential distribution in the trap was obtained from SIMION
and fitted to a polynomial to obtain the multipole expansion. This was followed by an analysis of
the variation of each multipole coefficient with variation of the degree of each misalignment.
2.2.1 LWIT support plate misalignments
Misalignments of the LWIT are twofold. Either the wire electrodes may be incorrectly
positioned on the support plate due to limitations of machining accuracy, or the support plates
themselves may undergo misalignments during handling, operation, or transport. As part of the
original LWIT experiment, the effect of wire misplacements by ± 0.1 mm was found to be
minimal, whereas the machining error can be controlled to within 0.05 mm42. Therefore, in this
study, focus will be limited to the misalignments involving the support plates of the LWIT. Shear,
tilt, and twist of the support plates are the three misalignments which account for all degrees of
freedom of the support plates. In the experiments below, each type of misalignment is considered
individually. However, in practice, the misalignments in the LWIT will likely have simultaneous
contributions from each of these.
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Shear is where both support plates become slanted relative to the wires while remaining
parallel to each other. In this case, the wires also remain parallel to each other while the distance
between them decreases as the cosine of the shear angle. That is, the cross-section of the trap
changes with increasing shear angle while remaining constant through the length of the trap at any
given shear angle. Shear may happen in two directions as shown below in Figure 11. With shearing
in y direction (Figure 11b top), the y and z coordinates of the wire electrodes change while x
coordinates remain the same. Similarly, with shearing in the x direction (Figure 11b bottom), the
x and z coordinates of the wire electrodes change while y coordinates remain the same. The
potentials are recorded in the x direction, which is taken to be the ion ejection direction. Therefore,
shear in x and y would have opposite effects on the electric field as seen from the ejection direction.

Figure 11: Shearing in two planes. (a) 3D view of shear – both plates are slanted by the same angle, θ. (b)
Side view of shear in yz (top) and xz (bottom) directions.

Tilting is where one of the support plates tilts relative to the other and the two are no longer
parallel. This causes the cross-section of the ion trap to drop linearly along the length of the trap
as the wires slightly converge towards the tilted support plate. Tilting may happen either in x or y
directions as shown in Figure 12. With tilting, the coordinates and spacing of the wires of the tilted
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side will be different from those on the straight side. Tilting in y (Figure 12b top) and x (Figure
12b bottom) change the y,z and x,z coordinates on the tilted side respectively.

Figure 12: Tilting in two planes. (a) 3D view of tilting – one of the support plates is tilted by an angle ϕ.
(b) Side view of tilting in yz (top) and xz (bottom) directions. The tilted plate is shown in a lighter shade.

Twisting is the last type of misalignment and, unlike the previous two types, does not have
variations in different planes. The cross-section of the ion trap changes along the length of the trap,
shrinking to a minimum at the midpoint, while the plane of the cross-section also rotates along the
z direction (Figure 13). On the side of the twisted support plate, the x and y coordinates are
changed, while the relative shape of the cross-section remains the same.
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Figure 13: (a) 3D view of twisting. One of the support plates has rotated by an angle α in the xy plane. (b)
Radial view of twisted support plates. The twisted plate is shown in a lighter shade.

2.2.2 Simulation of the misalignments
Electrode misalignments were modelled with SIMION 8.1 ion trajectory simulation
software (Scientific Instrument Services, Ringoes, NJ). The misalignments were first drawn on
AutoCAD and converted to SIMION potential arrays. At the point of converting to potential
arrays, the slanted wires were represented as steps on the SIMION grid. Increasing the size of the
potential array reduces the error from this “pixelation” effect, but does not eliminate it completely
since the size of the array itself is limited. The potential arrays used in this work are therefore close
approximations of the electrode positions, and not exact representations of the real traps. As one
way of counteracting this limitation, we used a “slice” of the trap in the xy plane as opposed to
simulating a full-length trap. This was done ensuring that the number of grid units in SIMION
along z would still be over 100 in order to obtain accurate calculations of potentials. The choice of
the position of this slice in the z axis has no effect in the case of shearing since the cross section
remains uniform throughout the length of the trap. In the case of tilting and twisting the potential
varies along the length of the trap and therefore the position of the ‘slice’ in the z axis matters. In
these cases, several slice positions were evaluated.
Once the potential array was obtained in SIMION, a neutral was “flown” across the crosssection in the x-y plane, at the midpoint of the trap in the z axis, allowing SIMION to record the
potential at each point. In the simulation, an LWIT of inner dimensions 7.6 mm × 6.7 mm was
used, and the potentials were recorded within the innermost 6 mm of the trap cross-section to
eliminate the fringe field effects occurring towards the edges of the trapping volume. The nonlinear
component of the electric field was obtained by the difference between the extrapolated linear
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region and the actual field. The contribution of higher order multipoles to misalignments in each
degree of freedom was found by normalizing and fitting the potential across the x-y plane to a
polynomial with MATLAB. The following plot illustrates the presence of these higher order terms
– such as octopole (A4) and dodecapole (A6) – the effects of which are more dominant away from
the trapping center (Figure 14).

Figure 14: Comparison of a perfectly quadrupole field with the LWIT field. The blue line shows the
electric field of the LWIT while the red line is that of a perfectly quadrupole field. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)

The order of the polynomial fit was limited to the 8th order since higher order fits produce
unrealistic values for the higher order multipoles. This appears to be a result of the Runge’s
phenomenon whereby with high order polynomials, the fitted function matches the data at the
recorded points but shows large oscillations in between the data points50.
2.3 Theory
Due to changes in the relative positions of the wire electrodes, all misalignments manifest
as changes in the potential distribution in the trap. The electric field therefore provides a good
indication of the effect of each type of misalignment. The field within the LWIT is largely
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quadrupolar, but it also consists of contributions from even, higher order terms, making the trap
nonlinear. The multipole expansion of a 2D nonlinear ion trap may be expressed generally as
follows51:
Re [ ∑𝑘𝑘
𝑛𝑛=1 𝐴𝐴𝑛𝑛 (

𝑥𝑥−𝑖𝑖𝑖𝑖 𝑛𝑛
) ]
𝑟𝑟0

(1)

where n is the order of the multipole, An refers to the coefficient associated with that multipole
indicative of its contribution to the potential, and Re indicates the real part of the formula.
Due to its symmetrical cross-section, the odd order terms are not significant in the LWIT.
Some misalignments however are capable of inducing odd-order terms since they break the
symmetry of the electrodes in the x-y plane. Therefore, the potential inside a nonlinear trap (Φ),
as a function of distance (x) from the center can be expressed generally as follows39.
Φ(x,y,t) =(U+VcosΩt) [A2 (

𝑥𝑥 2 −𝑦𝑦 2
𝑟𝑟02

𝑥𝑥 4 −6𝑥𝑥 2 𝑦𝑦 2 +𝑦𝑦 4

) + A4 (

𝑟𝑟04

𝑥𝑥 6 −15𝑥𝑥 4 𝑦𝑦 2 +15𝑥𝑥 2 𝑦𝑦 4 −𝑦𝑦 6

) + A6 (

𝑟𝑟06

) + …]

(2)

For simplicity, the potential is considered along the y = 0 axis, which then reduces the equation to:
𝑥𝑥 2

𝑥𝑥 4

𝑥𝑥 6

Φ(x,t) = (U+VcosΩt) [A2 𝑟𝑟 2 + A4 𝑟𝑟 4 + A6 𝑟𝑟 6 + … ]
0

0

0

(3)

Nonlinearity has many implications on an ion trap’s electric field such as the generation of
secular oscillations specific to those multipoles. A number of resonance conditions are generated
that pass through the stability region of the Mathieu stability plot, enabling ions to absorb energy
from the RF electric field and be ejected from the trap39. These new ejection conditions and the
associated possibility of ion losses make nonlinearity particularly interesting.
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2.4 Results and discussion
Nonlinearity of an ion-trap electric field is generally indicative of performance
deterioration even though it could be manipulated to obtain favorable features such as nonlinear
resonance ejection39. Misalignments within 0° to a maximum of 3°-5° were considered in this study.
If electrode misalignments within this range result in significant changes to the quadrupole and
higher order terms, it would be indicative of a significant effect on the electric field and therefore
the performance of the LWIT. On the contrary, negligibly small changes to the multipoles within
this range of misalignment prove the LWIT capable of withstanding minor displacements of
electrodes, such as may happen during in-field transportation and handling.
We expect 3° to be a reasonable degree of misalignment to consider, given that any event
causing a greater degree of misalignment would probably have other adverse effects to the
instrument as a whole. The LWIT would undergo the misalignments described above if the screws
holding the support plates in place come loose. Falls and jerks during operation could induce such
changes, but are unlikely to result in much greater degrees of misalignment.
2.4.1 Shearing
The following plots (Figure 15) show the variation of the individual multipoles with
shearing angle in y and x directions (Figure 11b). With increasing shear angle, the wires come
closer together. The results are obtained from “slices” of traps reflecting the shrinking of crosssection with shear angle.
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Figure 15: Variation of quadrupole (A2), octopole (A4), and dodecapole (A6) coefficients of the LWIT
with shear in x and y directions. Each support plates becomes slanted by 50 at 0.50 and 10 intervals.

With the LWIT geometry, wire spacing changes as the cosine of the shear angle. For minor
shear angles, given the small angle approximation for cosine (whereby cosθ ≈1 for small values of
θ), this implies that the change in wire spacing with shear angle is negligibly small. This agrees
with the observations in that the multipoles have changed very little up to 3° of shear in x; with
changes of 0.0018%, −0.261%, and 0.527% for quadrupole, octopole, and dodecapole coefficients
respectively.

41

A comparison of the data from shearing in x and y directions reveal that the multipole
coefficients are more susceptible to shear in x than in y direction. For instance, the octopole
coefficient changes by −0.261% for shear in x (Figure 11b bottom), but only 0.0543% for the same
angle of 3° for shear in y (Figure 11b top). In both instances, x was taken as the ion ejection
direction. Therefore, it appears that potentials recorded along the x axis (i.e. considering x as the
ejection direction for ions) are not very sensitive to misalignments in the y dimension.
Moreover, for octopole and dodecapole coefficients, shear in x and y have opposite effects.
For instance, shear in x makes the octopole increase in magnitude, while in y it makes the octopole
decrease its magnitude, as expected based on the overlap of the octopole and quadrupole.
2.4.2 Tilting
In the case of tilting, the wires converge towards the tilted plate, causing the multipoles to
change along the length of the trap. Therefore, measurements were made at three points along z
direction (Table 1), i.e. a slice of the trap was considered at each of the three points. Convergence
of the wires towards the tilted plate also depends on the length of the trap. The same tilt angle
causes more tilting of the wires in the case of a shorter trap than in the case of a longer trap. Initial
simulations of the full length (62 mm) trap revealed negligibly small changes in the multipole
coefficients with tilt angle and revealed no clear trend, meaning the full-length trap is not very
susceptible to tilting misalignment. Given this, the length of the trap was halved (from 62 mm to
31 mm) in order to better observe the trend in multipole coefficients with tilting. This implies that
the effects of tilting can be further reduced by increasing the length of the trap.
Table 1: Positions of the trap in z axis at which potentials are measured for tilting.
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Distance along z axis

Description

0 cm

Closest to the un-tilted support plate

1.5 cm

Middle of the trap

3.0 cm

Closest to the tilted support plate

The following plots show the variation of the multipoles with tilt angle and position of the
trap (Figure 16). The dodecapole coefficient did not yield a clear trend when tilting in y direction
and has been omitted. This is explained by the fact that it is the most error-prone of the three
multipoles considered, owing to being felt towards the far edges of the trap rather than in the center
which was the area considered in these calculations. Moreover, the multipole coefficients, being
measured in the x direction, are less sensitive to misalignments occurring in the y direction.
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Figure 16:Variation of quadrupole (A2), octopole (A4), and dodecapole (A6) coefficients of LWIT with
tilting in x and y directions. One of the support plates tilts to 3° at 0.5° intervals.

As was the case with shear, the wire spacing changes as the cosine of the tilt angle.
Therefore, the result that the electric field changes negligibly with small angles of misalignment,
because of the small angle approximation, holds for tilting as well. This is seen in the results where
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the quadrupole, octopole, and dodecapole coefficients change only by 0.0015%, −0.252%, and
0.5% respectively for tilt in x. The effects would be even smaller in a 62 mm long trap. It is
noteworthy that these are almost the same percentage changes as were seen in shear misalignment.
The percentage change in the multipoles are least at position 0 near the fixed support plate since
the effect of tilting is not felt significantly towards the un-tilted end of the trap, although ions will
generally be concentrated at the center of the trap, where the effects are intermediate between the
two ends.
Once more, tilting in x and y directions have opposite effects on the octopole coefficient.
(i.e. tilting in x direction decreases the magnitude of the octopole while in y it makes the magnitude
increase.) Similar to what was noted earlier with shear, tilting in y has a considerably smaller effect
on the electric field due to the ion ejection direction considered.
2.4.3 Twisting
The effect of twisting was measured at the center of the trap. One noteworthy point is that
twisting rotates the plane of the cross-section of the trap relative to the ejection direction and this
induces odd higher order terms such as hexapole (A3) and decapole (A5) (Figure 17). The hexapole
and decapole terms increase compared to a symmetrical trap, but remains negligibly small - on the
order of 10−5 - whereas in a symmetrical trap they would be 0.
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Figure 17:Variation of quadrupole (A2), octopole (A4), and dodecapole (A6) coefficients of the LWIT
with twisting. One of the support plates twists to 5° at 0.5° intervals.

With twisting, the wire spacing varies in a relatively more complex way with the angle of
twist. However, the small angle approximation still applies since the wire spacing varies as a
function of cosines and sines of the angle of twist. Consequently, the changes in the octopole and
dodecapole coefficients are slightly larger than were the case for shear and tilt. Even so, the effect
is still very small at −0.0016, 0.918%, and −2.20% for quadrupole, octopole, and dodecapole
respectively, for a twisting angle of 3°.
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Twisting misalignment is unique to the wire ion trap and solid-electrode ion traps lack a
comparable degree of freedom.
The changes to the multipoles from misalignments in general are very small indicating that
we may expect the effects on performance parameters also to be very small. For instance, twisting
by 3° changes the octopole and dodecapole terms by approximately 1% and 2% respectively. Shear
and tilting meanwhile only change the multipoles by fractions of percentages.
The twist misalignment also changes the relative value of the trapping cross section at
different points along the length of the trap. As a result, ions in the center will experience a different
q value than ions along the length. Although this does not show up as a change in higher-order
terms of the trapping potential, it will gradually degrade mass resolution.
2.4.4 Comparison to different ion trap geometries
Several groups including ours have previously studied the effects of changes in electrode geometry
on ion traps. Table 2 summarizes the results of these studies. Each ion trap has electrode
misalignments that are specific to its design and geometry.
Table 2: Summary of changes in the multipole coefficients with changes in electrode geometry in
different ion trap geometries.

Mass
Analyzer

Dimensions

∆ (dimension)

A2

A4

A6

Reference

2-plate
LIT

4.38 mm, plate
spacing

0.3 mm

-3

-0.46%

2.44%
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RIT

5 mm, radius

1 mm

0.1

14.5%

-7.6%

30

CIT

5 mm, ring
electrode radius

1 mm, change in endcap hole radius

0.022

3.69%

4.89%
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47

Mass
Analyzer

Dimensions

CIT

5 mm, ring
electrode radius

∆ (dimension)

A2

0.2 mm, change in trap
-0.024
center to end-cap
distance

A4

A6

Reference

-2.49%

1.31%
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Schwartz et al. studied the mechanical tolerance of a 2D ion trap by observing the effect of
misaligned electrodes on the mass resolution52. For a linearly distorted ion trap with a slanting
electrode, the mass resolution was found to be sensitive to the axial dispersion of the ion cloud.
Under low axial trapping voltages, the change in mass resolution was seen to increase by up to 1
amu when one edge of the electrode was raised by 0.125 mm. For a nonlinearly distorted trap with
an electrode twisted by 0.125 mm, the resolution varied differently for the front and back sections
of the trap, and only increased by 0.2 amu.
The variation of multipole coefficients with plate spacing was studied for a two-plate linear
ion trap (LIT) in a previous work by Wu et al.47. According to this data, a change in plate spacing
of 0.3 mm resulted in changes of −3, −0.46%, and 2.44% in quadrupole, octopole and dodecapole
terms respectively. In the case of the rectilinear ion trap (RIT) of inner dimensions 5 mm × 5 mm,
a change of 1 mm of electrode spacing resulted in a change of approximately 0.1, 14.5%,
and −7.6% in quadrupole, octopole, and dodecapole terms respectively30.
A similar study on a cylindrical ion trap (CIT) of ring electrode radius 5 mm has shown
that a change of 1 mm in the end cap hole radius resulted in changes of approximately 0.022,
3.69%, and 4.89% for quadrupole, octopole, and dodecapole terms respectively43. Increasing the
distance from the trap center to the end-cap electrodes by approximately 0.2 mm, changed the
above by −0.024, −2.49%, and 1.31%.
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While the types of misalignments differ for each trap geometry, a comparison of these
values reveals that the LWIT multipoles are minimally affected by small misalignments, which in
turn means that the performance may also be expected to be minimally affected with the studied
misalignments compared with these misalignments in other trap types.
2.4.5 Comparison to misalignments of the rectilinear ion trap
The rectilinear ion trap (RIT) resembles the LWIT in that both consist of 2D electric fields,
the main difference between the two being that the LWIT replaces the solid electrodes with wires.
Two degrees of freedom in the RIT were simulated for comparison with the LWIT. Figure
18 shows the variation in the multipoles with changing space between the vertical electrodes. The
standard distance between the vertical electrodes is 5 mm and we have changed this from 5 mm to
4.9 mm at 0.025 mm intervals. This is comparable to the shearing of the LWIT whereby the wires
come closer together and the height of the trap shrinks in a similar manner. Figure 19 shows the
variation in the multipole coefficients with the tilting of one of the vertical electrodes of the RIT.
This is comparable to the tilting of the LWIT in y-z in that the trap cross-section drops along the
trap length. The RIT does not have a practical degree of freedom corresponding to twisting of the
LWIT.
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Figure 18: Variation in quadrupole (A2), octopole (A4), and dodecapole (A6) coefficients of the RIT with
respect to changing the space between the vertical electrodes. The space decreases from 5 mm (standard
dimensions) to 4.9 mm in 0.01 mm intervals.
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Figure 19:Variation in quadrupole (A2), octopole (A4), and dodecapole (A6) coefficients of the RIT with
tilting of one of the vertical electrodes. The electrode tilts to 3° at 0.5° intervals. The variation of the
multipoles is measured at 3 positions along the length of the trap in the z direction – 0 mm, 3 mm, and
6 mm from the un-tilted end of the trap.

According to Figure 18, the change in vertical electrode spacing by 0.1 mm in the RIT
resulted in changes to the quadrupole, octopole, and dodecapole coefficients by approximately
0.025, 0.912%, and 0.492% respectively. By comparison, shear angle of 5° in the LWIT would
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change the same by only 0.004, 0.16%, and 0.11% respectively, which is significantly smaller in
every case.
Similarly, according to Figure 19, tilting of the vertical RIT electrode by 3° results in
changes to the quadrupole and octopole terms by 0.15 and 3% respectively. In the case of the
LWIT, tilting the support plate in y direction by 3° resulted in changes to the same by 0.0023, and
0.065% respectively. Thus, the LWIT displays a high resistance to electrode misalignments
compared to a trap composed of solid electrodes of similar geometry.
2.4.6 Tolerance to mechanical and assembly error
The tolerance of the LWIT to mechanical and assembly errors was assessed as part of a
previous study42. It was shown that an error of ± 0.1 mm had negligible effect on the mass
resolution of the trap, while the hole positions for the wires could be controlled to within
±0.05 mm. Furthermore, the LWIT is easier to fabricate compared to its solid-electrode
counterparts, and is much lighter for a given trap size. The holes for the wires are located on a
planar substrate which reduces the likelihood of error, whereas ion traps composed of multiple
solid electrodes have many critical dimensions and surfaces which could contribute to error. On
the other hand, once the solid electrodes are built, misalignments can only arise in the relative
positioning between such electrodes.
2.4.7 Effect of multipole coefficients on the performance
The change in multipole coefficients is reflected in the performance of the instrument in
terms of parameters such as resolution and ion trapping capacity. According to studies conducted
on the variation of performance with multipole coefficients, the dodecapole term has little effect
on the mass resolution of a device53. The octopole, being lower order, has a greater effect. The
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resolution drops off for negative values of the octopole53,32. Therefore, shear and tilt may be
expected to decrease mass resolution. Twisting is less of a concern in this regard since the
magnitude of the octopole decreases with increasing twist angle. However, given that the octopole
coefficient changes by as little as a fraction of a percent within the misalignment angles considered,
we expect that the resolution will not suffer noticeably. Mass spectra and the variation of mass
resolution with misalignment were not simulated in this work since the large size of the potential
arrays (necessary in order to capture the minute changes in wire angles and positions) made such
simulations computationally prohibitive.
The ion trapping capacity depends on the depth of the pseudopotential well of the trap.
Given the very small changes to the quadrupole term from misalignments, the change in the
pseudopotential well depth would be negligible, thereby having little effect on the ion trapping
capacity of the LWIT.
2.5 Conclusion
A study of possible misalignments is important in evaluating the robustness of an ion trap.
The study revealed that the misalignments of the linear wire ion trap (LWIT) have a negligible
effect on the multipole composition of the trapping potential, suggesting that the effect on the
performance should be minimal. The variation of the multipoles with different misalignments are
significantly lower than those of an ion trap with solid electrodes. Comparison to values reported
from previous studies on the misalignments involving other trap geometries also confirm that the
LWIT is not very susceptible to minor misalignments. For all misalignments of the LWIT, the wire
electrode positions change as cosine and sine terms of the angle of misalignment. Because of the
small angle approximation, this makes the LWIT inherently insensitive to misalignments in all
degrees of freedom. It may be concluded that compared to solid electrode geometries, the LWIT
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is more robust and its performance less susceptible to misalignments, underscoring the suitability
of the LWIT for remote and harsh environment applications.
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CHAPTER 3: SIMPLIFIED COAXIAL ION TRAP: SIMULATION-BASED
GEOMETRY OPTIMIZATION, UNIDIRECTIONAL EJECTION, AND TRAPPING
CONDITIONS
(This chapter has been published as an article: “Gamage, R. W.; Hettikankanange, P. M.; Lyman,
K. D.; Austin, D. E.; Taylor, N. R. Simplified coaxial ion trap: Simulation-based geometry
optimization, unidirectional ejection, and trapping conditions. International Journal of Mass
Spectrometry 2022, 474, 116801.”1. My individual contribution was in creating the electrode
geometries for simulation, simulating the electric fields and ion motion, data analysis, and writing
the draft manuscript.)
3.1 Introduction
Miniaturized ion traps have become the preferred mass analyzer for applications requiring
in-field chemical analysis2,3. The compact size, low power consumption, and reduced pressure
requirements make miniaturized ion traps easily incorporated into portable chemical analysis
systems. The reduced pressure requirements and rapid mass scan capabilities make ion traps an
ideal mass analyzer when coupled to front end chromatographic systems, facilitating numerous
analytical applications ranging from in-field analysis of biological samples to space
exploration4,5,6,7. Moreover, ion traps are capable of tandem-in-time mass analysis (MSn),
providing a distinct analytical advantage in the analysis of in-field samples possessing a complex
chemical matrix.
Quadrupole ion traps (QIT) and cylindrical ion traps (CIT) function by focusing all trapped
ions into a small spheroidal volume at the center of the trap. While functional in its purpose of ion
storage and mass analysis, it was soon realized that the Coulombic repulsion from a large number
of like charged ions within a small trapping volume would deteriorate the devices performance, a
phenomenon known as space charge effects which is directly related to the trapping capacity of
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the device8. Space charge effects are exacerbated when QIT and CIT devices are miniaturized,
limiting their analytical utility. Indeed, increasing the trapping capacity of miniaturized ion traps
would be required to improve the analytical performance of portable chemical analysis systems.
Since the introduction of the QIT and CIT, a number of ion trap geometries have been developed
to resolve the limiting trapping capacity issue. The linear ion trap (LIT) extends the trapping
volume by elongating the trapping dimension to a linear region9,10. The rectilinear ion trap (RIT)
was subsequently developed as a simplified version of the LIT and facilitated easy fabrication
when miniaturized11. Ring-shaped ion traps have also been developed; however, they originally
functioned as ion storage devices for studies of phase transitions, structures, and spectroscopic
applications12,13,14. In 2001, Lammert et al. developed a toroidal ion trap (TorIT) for the purpose of
mass analysis15. The prototype TorIT consisted of a symmetric ring-shaped trapping region with
axial ion ejection and detection. While functional, it was discovered that the curvature of the
electrodes created an electric field which adversely impacted the device performance. The second
TorIT version consisted of asymmetric electrodes which accounted for the toroidal curvature and
demonstrated a significant improvement in analytical performance. In 2012, Taylor et al. reported
the first instance of a simplified toroidal ion trap (STorIT) which consisted of cylindrical
electrodes16. The STorIT reported a mass resolution of Δm = 0.32 and demonstrated tandem mass
analysis capabilities.
A key advantage possessed by LIT, RIT, TorIT, and STorIT devices is the decoupling of
the characteristic trapping dimension from the ion trapping capacity. An ion trap's aspect ratio, a
parameter defined as the ratio between the extended trapping dimension and the characteristic
trapping dimension, has become an important parameter in the evaluation of TorIT and STorIT
devices. Despite the reduced characteristic trapping dimension as a consequence of
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miniaturization, the ion trapping capacity can remain unaffected by simply increasing the trapping
dimension, yielding a high aspect ratio trap. Recently, Hettikankanange et al. studied the effect of
aspect ratio on both an asymmetric TorIT and STorIT17. Examining aspect ratios from 1.86 to
infinity, it was found that certain key device metrics were most sensitive to changes in aspect ratio
between 1.86 and 10.
Ion traps of toroidal geometry conveniently lend themselves to form a dual ion trap with a
second ion trap placed in the hollow center of the toroidal trap, resulting in a coaxial ion trap. The
first instance of a coaxial ion trap was reported by Austin et al. and was formed with concentric
rings lithographically printed on two parallel ceramic plates, creating an outer toroidal trapping
region and a quadrupole trapping region at the center18. The lithographically patterned coaxial ion
trap demonstrated good mass resolution and sensitivity; however, the ion transfer from toroidal to
quadrupole regions lacked mass selectivity.
In this work, we introduce the simplified coaxial ion trap consisting of an outer STorIT and
an inner CIT. Ions are initially trapped and stored within the STorIT, following which a
chosen m/z ratio is selectively transferred to the CIT. The transferred ions trapped within the CIT
can be analyzed directly or undergo MSn analysis. Since the original ion population remains in the
STorIT while MSn mass analysis is being performed in the CIT, multiple MSn analyses can be
performed on multiple masses stored within the STorIT without having to repopulate the STorIT,
increasing analytical efficiency and sample utilization. This is in contrast with the conventional
mode of MSn mass analysis with a single ion trap, where the targeted mass is first isolated by the
elimination of other masses from the trap.
Coaxial traps of similar design to that of the present study have been the focus of a few
simulation studies in the recent past. Yu et al. demonstrated some aspects of operation including
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radial ejection of ions from the toroidal region and trapping of radially injected ions in the
cylindrical trap19. However, seamless transfer and trapping was not demonstrated. Hai-Yung et al.
addressed the aspect of ion ejection direction by adjusting the shape of toroidal electrodes20. While
these previous studies demonstrated coaxial ion trap operation, further geometry optimization and
comprehensive characterization is still required.
The present study focuses on understanding the performance of a simplified coaxial ion
trap with aspect ratios 2.2, 3, and 8. The parameters most critical to analytical performance include
mass resolution and mass selectivity of ion transfer from toroidal to cylindrical regions, ion
ejection direction from the STorIT, transfer efficiency to the cylindrical region, and trapping
efficiency in the CIT. These functionalities have not been fully treated in previous studies and
require a comprehensive examination with respect to aspect ratio and electrode geometry. Results
from this study can be utilized to optimize the analytical performance of a simplified coaxial ion
trap within a portable chemical analysis system.
3.2 Method
The geometric cross-section of the coaxial ion trap studied here is shown in Figure 20. To
study the effect of geometric parameters, electrode geometries with incremental changes to w, h,
and z0 were constructed separately for the aspect ratios 2.2, 3, 8. All simulations were performed
with SIMION 8.1 ion trajectory simulation software (Scientific Instrument Services, Ringoes, NJ).
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Figure 20: Illustration of the simplified coaxial ion trap with an aspect ratio R/r0 = 3.

The electric field was characterized by recording the radial potential and fitting to an
8th order polynomial. The polynomial coefficients obtained represent the magnitudes of the
multipole terms. The multipoles were calculated by considering the outward direction from the
trap center as the positive radial direction. Higher-order field contributions were then obtained by
expressing the multipoles as percentages of the quadrupole (A2) term. This mathematical
representation of the toroidal electric field, however, is only an approximation because the absence
of a continuous and differentiable electric field at the axis of rotation of the toroidal trap signifies
that the conditions of the Laplace equation are not met. Moreover, all higher-order terms may not
be centered around the same radial distance.
3.3 Results and discussion
3.3.1 STorIT: geometry and higher order multipole components
Initial analysis of the coaxial ion trap involved examination of the STorIT in the absence
of the CIT. A comprehensive analysis has been conducted on the relationship between electrode
geometry and nonlinear electric field components, as well as the effect of the above on mass

63

resolution and ejection direction. With respect to the STorIT, three geometric variables are used
to vary the electric field for a given aspect ratio and are noted in Figure 20: the width of ACTor = w,
the RFTor and ejection slit gap = h, and the stretching of the RFTor electrodes = z0. The ejection slit
width remained constant at 1.2 mm throughout this study. The degree of electrode curvature is
dictated by the trap's aspect ratio and is another important parameter affecting the magnitude of
the higher-order multipole components. Aspect ratios of 2.2, 3, and 8 are considered here with
r0 = 5 mm maintained constant and the value of R adjusted to achieve the desired aspect ratio. A
recent investigation into the impact of aspect ratios on higher order multipole terms concluded that
this range of aspect ratios possess the greatest impact on a STorIT electric field and analytical
performance17.
The performance of the STorIT was evaluated by simulating the mass resolution of ions
ejected using a reverse scan with AC resonant ejection. Initially the toroidal region was populated
with 600 ions with a m/z = 90 and allowed to cool for 1 ms. The hard sphere collision model (HS1)
was used to model the system with a pressure of 1 mTorr and a temperature 298 K. The collision
cross-section (σ) between the ions and helium gas was calculated using the classic hard sphere
collision cross-section formula for two particles, σAB = π(rA + rB)2, where rA and rB are the hard
sphere radii of the two elastically colliding particles. The radius of the m/z = 90 ion was taken as
equal to that of a toluene molecule yielding σAB = 5.6 × 10−19 m221. During the ion populating and
cooling process, a 1.5 MHz potential applied to RFTor electrodes was maintained at 285V(0-p) with
a 5 V DC offset. After ion cooling, the RF potential was ramped at 5 kDa/s. Resonance ejection
was achieved by applying 3 V(0-p) potential at 270.5 kHz to ACTor. Throughout this study the
RFTor voltages were adjusted to ensure ion ejection occurred at β = 0.36 for all geometries and
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aspect ratios examined, unless otherwise stated. Moreover, AC voltages were also adjusted to
ensure all ions received enough energy to be ejected.
Mass spectral peaks were constructed by converting the temporal distribution of ion
ejection to peak width. This was achieved by calculating the RF amplitude at the time of ion
ejection. The resulting distribution of RF amplitudes was linearly mass calibrated by assigning the
mode of the distribution to the target mass (m/z = 90) and rounding to the nearest 0.1 Da. The
simulated spectral peak was constructed by plotting the ion count obtained vs. m/z.
Figure 21 summarizes the response of the electric field and mass resolution to variations in the AC
electrode width (w), gap between ground and RF electrodes (h), and the axial trapping dimension
(z0).
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Figure 21: Plots of the variation of electric field multipoles (solid lines) and mass resolution (dotted line)
with geometric parameters for aspect ratio 8. Mass resolution, Δm (Da) was measured as full width at half
maximum (FWHM) of the peak. (a) h = 1 mm, z0 = 5 mm (b) w = 4 mm, z0 = 5 mm (c) w = 4 mm,
h = 1 mm.

Mass resolution deteriorates as the octopole term becomes larger, and is optimal at low
positive octopole values with Δm ∼ 0.3 Da. This result is quantitatively consistent with previous
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reported simulation studies on other types of ion traps such as QIT, LIT, RIT, and CIT, as well as
experimental work on the STorIT, where a slightly positive A4 term was found to yield the best
mass resolution11,16,22,23,24. Any correlation between Δm and the A3, A5, or A6 terms was found to
be negligible. An example of mass spectra constructed from the simulations described above at an
aspect ratio of 8 is shown in Figure 22.

Figure 22: Simulated spectra showing the variation of resolution with multipoles with RF ramp. Octopole
(A4) terms are 14.5%, 9.9%, and 6.9% for axial trapping dimensions of 4.5 mm, 5 mm, and 5.5 mm
respectively. Each spectrum was obtained with 600 ions. The mass spectra shown are for w = 4 mm,
h = 1 mm, and an aspect ratio of 8. Error in the data (not shown) is a function of the square root of the
number of ions.

3.3.2 STorIT: transfer Selectivity with selective resonance ejection
In coaxial ion trap operation, a targeted ion or m/z value is selectively transferred from the
STorIT to the CIT using resonant ejection while maintaining a fixed RF voltage. The examination
of transfer selectivity with resonance ejection utilized STorIT geometric values of h = 1 mm,
w = 6 mm, and z0 = 5 mm which results in A3 = 1.3%, A4 = 3.6%, A5 = 3.6%, and A6 = −9.2%.
For these simulations, 100 ions with masses ranging from m/z = 87–93 in 0.5 Da increments for a
total 1300 ions were introduced to the STorIT region. Initially the ions were allowed to cool for
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1 ms at an applied potential of RFTor = 278.9 V(0-p) at 1.5 MHz. Following ion cooling, a potential
was applied to ACTor with a frequency of 270.5 kHz which selectively targeted the m/z = 90 ions
for ejection into the CIT. The secular frequency of the m/z = 90 ion was determined from the fast
Fourier transform (FFT) of its position coordinates. This provided a close approximation of the
resonant AC frequency. As with previous simulations, the CIT is not considered. Results from
these simulations are shown in Figure 23 for three different ACTor potentials. Depending on the
magnitude of the ACTor, a mass range of approximately ±3 Da in the vicinity of the targeted ion
respond to the resonant AC signal and are ejected. This suggests that the low transfer selectivity
may be an inherent shortcoming of this mode of operation combined with the currently examined
higher-order field components. It should be noted that the coaxial ion trap with lithographically
patterned electrode rings, which was operated in the same mode described here, lacked mass
selectivity in transferring ions from outer toroidal to inner quadrupole regions; a likely result of
the higher-order field configuration18. In the current design, fine-tuning the amplitude and duration
of the ACTor signal brought about some improvement. Limiting the ACTor signal to 1 ms and 3 V(0p)

narrowed the mass range.
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Figure 23: Transfer selectivity of resonant ion ejection from the STorIT with an aspect ratio 8. Each point
represents the number of ions transferred out of the STorIT out of 100 ions per mass. Error in the data
(not shown) is a function of the square root of the number of ions.

Moreover, the potential applied to ACTor impacts the mass resolution of the STorIT (not
shown). At low amplitudes of AC, of around 1–2 V(0-p), ions were seen to eject over a longer period
of time, likely a result of the octopole field causing the ions to oscillate between resonant and nonresonant conditions as its radial amplitude oscillates25. This explains the role of the higher
amplitude AC which allows the target ions to absorb energy and eject rapidly over a shorter time,
before falling out of resonance, resulting in better mass resolution. On the other hand, high AC
voltages of 4-5 V(0-p) and above resulted in ion ejection efficiency near 100%; however, transfer
selectivity deteriorates to ±2 Da as was shown in Figure 23.
3.3.3 STorIT: unidirectional ion ejection
An important aspect of the proposed coaxial ion trap is the ability of the STorIT to transfer
ions into the CIT; thus, the direction of ion ejection from the STorIT region is a prerequisite for
successful operation. For the lowest aspect ratio of 2.2, it was observed that a significant fraction
of ions eject radially outwards, impacting on the surface of the ACTor electrode. A study of this ion
behavior reveals that the radial outward ejection correlates with the hexapole term (Figure 24). At
higher aspect ratios, where all of the geometries have a positive or only slightly negative A3 term,
display radial inward ejection as desired. As the A3 term becomes more negative in aspect ratio
2.2, more ions tend to eject outwards. Since the hexapole term represents the radial asymmetry of
the trapping field, it is reasonable that as the direction of the field asymmetry switches from
negative to positive, i.e. outward to inward, the direction of ion ejection would respond similarly.
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Figure 24: Variation of inward radial ejection percentage with geometric parameters in aspect ratio 2.2.
The solid lines represent the variation in hexapole and octopole terms. The dashed lines represent the
variation of inward radial ejection at β = 0.175. (a) h = 1 mm, z0 = 5 mm (b) w = 4 mm, z0 = 5 mm (c)
w = 4 mm, h = 1 mm.
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The potential applied to ACTor excites the ions radially; however, significant axial
excitation of ions could be seen as β values exceeded 0.4. These ions impact on the
RFTor electrodes or, at lower degrees of axial excitation, fail to pass through the ejection slit and
impact on the barrel electrode. This apparent coupling of radial and axial motions is readily
explained by the fact that radial and axial secular frequencies approach each other with increasing
β. The application of a larger DC offset increases the difference between radial and axial secular
frequencies and thereby reduces undesirable axial excitations. This observed undesirable axial
excitation is the reason why RFTor was adjusted to maintain a value of β = 0.175 for all geometries
and aspect ratios examined.
3.3.4 The coaxial ion trap: geometry considerations
The greatest contributions to performance are made by the hexapole and octopole terms,
affecting ion ejection direction and mass resolution, respectively. As shown in Figure 21, A3 and
A4 terms respond similarly to changes to the w parameter; however, they have the opposite
response to changes in h and z0. Therefore, it becomes possible to manipulate electrode geometry
to achieve optimal conditions for a given aspect ratio. With this approach, we obtained an
optimized electrode geometry for aspect ratio 3 which was used in the subsequent simplified
coaxial ion trap simulations. Here, the STorIT dimensions were w = 5 mm, h = 2 mm, and
z0 = 5.5 mm, while the CIT was z0 = 5.5 mm, r0 = 7 mm, with an end-cap hole diameter, s = 2 mm,
and d = 1.8 mm in keeping with the −10% compensation rule26. Given that the electric field of the
CIT was consistent with the said rule in the presence of the toroidal electrodes, we expect that the
performance of the CIT would not be affected by the STorIT voltages.
3.3.5 Coaxial ion trap operation
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The operation of the coaxial ion trap was examined by populating the STorIT with ions,
mass selectively transferring ions to the CIT, and trapping the transferred ions in the CIT. Since
SIMION is not capable of performing ion fragmentation via collisionally induced dissociation
(CID), trapping and mass selective ejection of fragment ions from the CIT were performed
separately.
A challenging aspect of the proposed coaxial ion trap operation is the presence of an RF
barrier between the STorIT and CIT regions which must be overcome for successful transfer of
ions. For a given combination of RFTor voltage and pressure, there is a minimum kinetic energy
that ions require to escape the pseudopotential well. This kinetic energy, provided by the AC
voltage, also needs to be sufficiently low to allow the ions to be decelerated and trapped in the CIT
region.
Depending on their kinetic energy, ions display one of three behaviors during transfer from
toroidal to cylindrical regions; 1) enter the cylindrical region and get trapped, 2) enter the
cylindrical trap and get reflected back towards the injection slit, or 3) traverse the cylindrical region
and emerge on the opposite side of the toroidal region or collide with the barrel electrode. These
three behaviors occur at varying degrees regardless of the m/z of the ion falling within the stability
region of the CIT. The latter two outcomes, which account for ion losses during transfer, are also
common to ion injection in a 3D QIT27. Past studies have shown the radial injection efficiency of
ions to a 3D QIT to be around 5%27,28. One approach to improving the ion injection efficiency of
the 3D QIT was to match the RF phase to the ions kinetic energy8,27,29,30. In the case of LIT's, 100%
trapping efficiency has been shown with axial injection of ions. The longer path length over which
ions may be collisionally decelerated as well as the lack of an RF barrier along the injection axis
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facilitate trapping in the LIT31. In the dual-LIT design presented by Li et al., ions were transferred
axially with a mass-selective transfer efficiency of 55%32.
3.3.6 RF phase vs. ion kinetic energy
A study of ion kinetic energy and absolute RF phase of the CIT was conducted on ions
with m/z = 219 injected into the CIT in order to examine the fate of ions with respect to the three
outcomes described above. The RF frequency on the STorIT and CIT were kept at 1.5 MHz while
the RFTor and RFCyl potentials were maintained at 575 V(0-p) and 1050 V(0-p) respectively. A DC
offset of 5 V was applied to RFTor. The RF phase angle of the CIT leads that of the STorIT by
150°, as indicated on the secondary horizontal axis. An AC voltage of 3 V(0-p) at 108 kHz was
applied for 100 μs, maintaining β = 0.144. The pressure was maintained at 3.75 mTorr. Figure
25 shows the range of RF phase over which ions enter the CIT and the distribution in ion kinetic
energy at the point of entry.

Figure 25: Kinetic energies of ions that are trapped (red), pass through the CIT (blue), and turn back after
entering the CIT (black). Forty-five ions are shown undergoing each outcome. The figure is not indicative
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of the actual percentages of ions displaying these three behaviors. The trendlines (dotted) are fitted to 5th
order polynomials as a guide to the eye.

At a first glance, it is apparent that no ions transfer from the STorIT to the CIT between
90° and 230° absolute phase angle of CIT RF voltage, (i.e. −60°–80° of the RF phase of the STorIT).
Over this range, the RF barrier of the STorIT is on the rise, thus, the ion possesses insufficient
kinetic energy to escape the STorIT. Immediately beyond the 90°–230° range, ions exit the STorIT
with relatively low kinetic energy which works in conjunction with the RF phase of the CIT to
successfully decelerate and trap ions within the CIT, as indicated in Figure 25. Most trapped ions
enter the CIT as the RF pseudopotential well is on the rise, i.e. within the first and fourth quadrants,
indicating that the CIT RF potential decelerates the ions.
The ions that traverse the CIT (blue) and those that turn back towards the STorIT (black)
have kinetic energies on the high and low ends of the distribution respectively. Figure 25 also
suggests that the ideal kinetic energy for trapping is a function of the RF phase of the CIT. This
observation in the current coaxial ion trap is consistent with the behavior of a 3D QIT during ion
injection. Past studies have shown the existence of a single correct RF phase for any given kinetic
energy of ion8,29,30 and two possible RF phases in the presence of end-cap holes27. The correlation
between the kinetic energy of trapped ions and RF phase seen in Figure 25 is also corroborated by
a study on ion injection in the 3D QIT, where the optimum phase of the RF was seen to vary
linearly with ion velocity for ions injected radially through the ring electrode30.
Ions passing through the CIT and ions turning back from the CIT, concentrated at the top
and bottom of the chart between phase angles 290° and 360° of the CIT respectively, are evidently
effects of the kinetic energy being mismatched to the RF phase. If the kinetic energy is too high,
the passage of the ions through the CIT is too fast to encounter enough collisions for successful
trapping8, while if it is too low, the ions enter the CIT but turn back, unable to overcome the RF
74

barrier of the CIT. The probabilistic mismatch in RF phase and kinetic energy of ejecting ions
explains the relatively low trapping efficiencies seen during radial injection of ions both in the 3D
QIT27,28 and in the present study.
The kinetic energy of ions exiting the STorIT is a function of pressure as well as the RF
and AC voltages applied to the STorIT. Unfortunately, since these parameters are interrelated as
well as directly tied to other aspects of ion trap operation and performance, they cannot be adjusted
freely to manipulate the kinetic energy of ions exiting the STorIT. For instance, the mass resolution
and trapping efficiency depend on the pressure (one favorably, and the other adversely), the mass
range of the STorIT depends on the RF voltage, and ejection efficiency depends on the AC voltage.
Therefore, successful operation of the coaxial ion trap involves finding optimized conditions of
pressure and applied potentials for ion transfer and trapping. Attempting to increase the trapping
efficiency by increasing pressure beyond this optimal value compromises the mass resolution of
the transfer step.
3.3.7 Relative RF phase vs. trapping efficiency
A study of the RF phase of the CIT relative to the STorIT in aspect ratio 3 is shown in
Figure 26 below. Trapping efficiency was calculated from among the transferred ions without
considering the ions that reflect back towards the STorIT. While trapping efficiency varies
between 5 and 10% over most of the phase angles, it increases markedly between phase angles
130° and 160° (RF voltage of the CIT leading that of the STorIT). Figure 27 shows the variation
of the electric potential and the electric field with the relative RF phase of the CIT. The optimal
phase angle depends on the RF amplitudes of the STorIT and CIT and should be re-optimized if
these voltages are changed significantly.
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Figure 26: RF phase vs trapping efficiency in aspect ratio 3 with RF voltages 575 V and 1050 V applied
to the STorIT and CIT respectively. Each point consists of ions over the full distribution of kinetic
energies.

Figure 27: (a) Variation of the electric potential radially across the simplified coaxial ion trap, for
different phase relationships between the STorIT and CIT RF potentials. r/R′ is the normalized radial
distance along the trap. r/R' = −1 is the inner edge of ACTor, while r/R′ = 0.35 is the inner edge of the
grounded electrode. (b) Variation of the electric field radially across the simplified coaxial ion trap.
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Figure 27 shows the electric potential and field across the simplified coaxial trap. At 150°,
where the trapping efficiency was high, the electric potentials of the STorIT and CIT are arranged
so as to facilitate ejection and trapping in the two regions respectively. This, combined with the
compatibility of the phase angle with the kinetic energy (Figure 26), explain the improvement in
trapping efficiency between 130° and 160°.
With this information, we simulated and optimized the operating parameters for aspect
ratio 3. Operating the STorIT at an RF frequency of 1.5 MHz and potential of 575 V(0-p) resulted
in a LMCO of approximately 54 Da. The pressure was maintained at 3.75 mTorr to facilitate
trapping of ions in the CIT. The CIT was operated at an RF frequency of 1.5 MHz and a potential
of 1050 V(0-p). An AC voltage of 2.5 V(0-p) at 108 kHz was applied for 100 μs to resonantly excite
ions of mass 219 Da. Lower voltages were not sufficient to overcome the RF barrier of the STorIT,
making the transfer efficiency low, while at higher voltages the trapping efficiency suffered. This
and other trends are indicated in the operating parameters in Table 3 below.
Table 3: The relationship between CIT RF voltage, AC voltage, and the number of ions transferred and
trapped for aspect ratio 3 with pressure fixed at 3.75 mTorr and STorIT RF voltage of 575 V and
1.5 MHz. Each row indicates the percentage of ions transferred (does not include ions that enter CIT and
turn back), ions trapped as a percentage of ions transferred, and the overall transfer efficiency out of 240
total ions.
CIT RF voltage
(V)

600

Resonance AC
voltage (V)

Ejection efficiency
(%)

Trapping
efficiency (%)

Overall transfer
efficiency (%)

1.50

0.0

0.0

0.0

1.75

9.6

0.0

0.0

2.00

32.1

1.3

0.4

2.50

62.9

2.0

1.2

2.75

60.8

2.7

1.7
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CIT RF voltage
(V)

800

1000

1200

Resonance AC
voltage (V)

Ejection efficiency
(%)

Trapping
efficiency (%)

Overall transfer
efficiency (%)

1.50

1.7

0.0

0.0

1.75

9.6

13.0

1.2

2.00

27.5

9.1

2.5

2.50

59.2

6.3

3.8

2.75

61.7

5.4

3.3

3.00

71.7

7.0

5.0

1.50

1.7

25.0

0.4

1.75

11.2

14.8

1.7

1.90

13.8

18.2

2.5

2.00

22.5

20.4

4.6

2.50

37.9

24.2

9.2

2.75

48.8

20.5

10.0

3.00

53.8

16.3

8.8

1.50

0.4

0.0

0.0

1.75

4.2

30.0

1.2

2.00

9.6

17.4

1.7

2.50

20.4

24.5

5.0

2.75

21.7

25.0

5.4

3.00

29.2

22.8

6.7
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Experimenting with different RFCyl voltages added to the complexity of the conditions for
ion ejection. Adjustments to the RFCyl voltage requires changes to the applied AC voltage in order
to compensate for the change in the depth of the CIT pseudopotential well, as demonstrated in the
data reported in Table 3. For example, from RFCyl = 800–1200 V(0-p) the number of transferred
ions is seen to correlate with the number of ions reflected back towards the STorIT and is attributed
to the increased depth of the RF barrier within the CIT region. Consequently, the depth of the CIT
pseudopotential well directly correlates with the fraction of ions being successfully trapped within
the CIT. This intricate interplay between RF and AC voltage, pressure, transfer and trapping
efficiency, and mass resolution contribute to the operational constraints of the coaxial ion trap.
We adopted the approach of fixing the pressure based on the desired mass resolution,
followed by determining the STorIT RF voltage based on the desired mass range. Once these
parameters are fixed, the range CIT RF voltages which captures the chosen mass range is
determined. Then an optimization similar to that done in Table 3 can help determine the combined
CIT RF voltage and AC voltage in such a way that a satisfactory balance is achieved between
transfer and trapping efficiencies.
Once ions are transferred to and trapped in the CIT, we skipped the step of collisioninduced dissociation and performed fragment ion trapping in a separate step. The voltage of the
CIT was lowered to 400 V to trap fragments of mass 50 m/z, and these could be selectively ejected
through the holes in the end-cap electrodes using dipole resonant excitation with an AC voltage of
427 kHz and an amplitude of 2.4 V applied for 100 μs to the end-caps superimposed on the RF
voltage of the CIT. Forward or reverse scans are also expected to work as have been previously
demonstrated in cylindrical traps.
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3.4 Conclusion
In this work, we have investigated the key operation parameters of a simplified coaxial ion
trap consisting of a STorIT and a CIT. Using select geometric parameters, the electric field of the
STorIT can be adjusted to obtain optimum mass resolution and unidirectional ion ejection for a
given aspect ratio. Consistent with previous simulation and experimental results on ion trap
behavior, the mass resolution of the STorIT is optimal when the octopole term is small and positive
and the radial inward ejection of ions was found to correlate with a positive hexapole term.
Ensuring that both of these conditions are simultaneously met becomes difficult as the aspect ratio
of the toroidal trap decreases. This limits the range of feasible aspect ratios and is the source of the
main design constraint in the STorIT.
Mass selective ion ejection from toroidal to cylindrical traps was also demonstrated while
retaining the remaining bulk ion population in the toroidal region. Mass transfer selectivity of the
STorIT utilizing resonant mass ejection was observed to be relatively low.
Simulation of the simplified coaxial trap demonstrates that it is possible to transfer and trap
ions from the STorIT to the CIT, albeit with significant ion losses in the current design.
Examination of ejected ion kinetic energy and RF phase angle revealed that the ideal RF phase for
trapping varies linearly with the kinetic energy. Ion loss during transfer as well as the correlation
between RF phase and kinetic energy for trapping resemble the behavior of radially injected ions
to a 3D quadrupole.
The transfer and trapping efficiency of ions depend on the RF voltages of both the STorIT
and the CIT, RF phase of the CIT, amplitude of the resonant AC voltage, pressure, and kinetic
energy of ions. Among these, the RF phase of the CIT was optimized to obtain the maximum
possible trapping efficiency of transferred ions. However, most of these parameters have limited
80

flexibility, being tied to other aspects of ion trap performance such as mass resolution and mass
range.
Given that the trapping efficiency is affected by pressure, it is possible that experimenting
with different background gases may be useful. Increasing the pressure compromises the
selectivity of mass transfer from the STorIT. However, a heavier background gas may help with
trapping efficiency at a lower pressure. Another likely solution may be the adoption of a technique
similar to discontinuous pressure atmospheric inlet (DAPI) which may help to lower the kinetic
energies of ions at the point of entry to the CIT, thereby lowering the pressure requirement for
successful trapping of ions, ensuring that mass resolution is not compromised33. Also among the
avenues for improvement of the coaxial ion trap is the possibility of operating in the digital mode
which may help synchronize the STorIT and CIT better for improved transfer efficiency of ions34.
There are other modes of operation available which were not explored in this work. For instance,
the high kinetic energy of ions entering the CIT can be explained by the presence of a deeper
pseudopotential on the STorIT compared to the CIT. Therefore, by applying STorIT RF voltages
to ACTor and barrel electrodes instead of RFTor, and by applying the CIT voltages to electrodes
RFCyl, the pseudopotential well of the CIT becomes deeper than that of the STorIT which may also
improve the trapping efficiency of ions.
The optimal operation of the coaxial ion trap is hinged on a number of trade-offs, and
compromises between performance parameters become necessary based on the requirements of
the application. These trade-offs govern the main operating constraints of the coaxial ion trap. The
results from the study demonstrate how geometry and operating conditions can be manipulated to
successfully perform tandem mass spectrometry in a coaxial ion trap.
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CHAPTER 4: INTEGRATING A RECTILINEAR ION GUIDE WITH THE SIMPLIFIED
COAXIAL ION TRAP
Overview
The Simplified Coaxial Ion Trap (SCIT), introduced in Chapter 3, depends on ions
generated internally by electron ionization. However, some samples benefit from other modes of
ionization that require an external ionization source. Therefore, it is useful to make provisions for
introducing such externally generated ions to the SCIT. The Rectilinear Ion Guide (RIG) is a
component that can be integrated with the SCIT to fulfill this requirement.
4.1 Rectilinear Ion Guide – Purpose and Functionality
The RIG resembles a quadrupole mass filter in operation (Figure 28). An RF voltage is
applied to the top and bottom electrodes while those on the sides are grounded. The RIG serves as
a means to introduce externally generated ion beams to the STorIT. However, it can also act as a
mass filter to restrict the incoming ions to a desired mass range. For instance, a RIG with an
appropriate low mass cut-off (LMCO) can prevent low-mass ions of high atmospheric abundance
from entering the STorIT. This has the advantage of reducing the need for front-end Liquid
Chromatographic (LC) or Gas Chromatographic (GC) separations. However, where necessary, the
RIG also serves as a convenient means for the integration of a chromatographic separation column.
The RIG adds versatility to the SCIT and achieves all of the said goals with minimal addition to
the number of components, weight, and complexity of the system.
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Figure 28: Proposed design of the Rectilinear Ion Guide (Adapted from the NSF proposal by Dr. Daniel
Austin and Dr. Nicholas Taylor (Western Michigan University)).

The region of interaction between the RIG and the STorIT bears some resemblance to ion
optics devices such as structures for lossless ion manipulation (SLIM)1 as well as ion trap arrays
used in quantum computing2. Ideally, the RIG would be able to transfer 100% of externally
generated ions within the target m/z range to the STorIT. However, besides the m/z ratio, ion
transfer efficiency depends on a number of criteria such as ion kinetic energy at injection, ion
initial position, the geometry of the RIG and the STorIT, and the operating conditions such as RF
amplitude and frequency and DC voltage. In this study, we evaluate the impact of such variables
on the ion injection efficiency of the RIG.
4.2 Method
Three methods of merging the RIG with the SCIT were tested with SIMION 8.1. Ion kinetic
energy and DC voltage were varied to observe their effect on transfer characteristics. As before,
the hard sphere collision model was used to model the pressure and a user program was used to
apply time-varying voltages to the electrodes.
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4.3 Integrating the RIG with the SCIT – Geometric Variations
Proper functionality of this system requires that ions pass through the RIG to enter the
STorIT tangentially. Once trapped in the STorIT, ions ideally should not re-enter the RIG. Such
smooth transfer and trapping, however, is challenging to achieve since the region of intersection
between the RIG and the STorIT is the site of a discontinuity in the electric potential. The
asymmetric deviation of the trapping field from its original toroidal shape creates a new
pseudopotential well or a new, smaller trapping region at the interface. The goal, therefore, is to
create a smooth interface that merges the potential of the STorIT with that of the RIG with the
smallest possible areas of electric potential disruption. Figure 29 shows the equipotential lines
within the combined RIG-SCIT for three different interfacing options.
Figure 29a shows what may be termed a continuous tangential merge, where the electrode
surface extends continuously from the RIG to the STorIT. This implies that the same potentials
will be applied to both the STorIT and the RIG, making it operationally simple. It is noteworthy
that in this case, AC resonant ejection of ions in the STorIT will be accompanied by ion excitation
in the RIG. The drawback to this design is that the interface between the two components develops
a trapping potential, as seen from the equipotential lines centering on this region (Figure 29a). This
rf barrier, occurring at around y = 25 mm, separates the RIG from the STorIT and acts as a barrier
to the passage of ions (Figure 29d). The result is that three distinct trapping regions are created –
the RIG (region 1), the interface (region 2), and the STorIT (region 3).
Figure 29b shows a continuous tangential merge with an electrode barrier between the RIG
and the side of the STorIT perpendicular to it. Once more, the same electric potentials are applied
to the STorIT and the RIG. However, the presence of the electrode barrier shields the ions from
the side of the STorIT which is perpendicular to the RIG. The effect is to create a smoother
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transition from the RIG to the STorIT. This is evident in Figure 29e where the curve of the electric
potential between y = 25 mm and y = 30 mm is much smoother compared to Figure 29d. In this
electrode geometry, only two trapping regions are visible – the RIG and the STorIT – the latter at
a slightly lower rf potential than the former.
Figure 29c shows a discontinuous tangential merge where the RIG and STorIT electrodes
are separate, allowing different voltages to be applied to the two components. This geometry was
attempted with the goal of creating an electric potential gradient along the RIG-STorIT interface
to facilitate the transfer of ions. The potential gradient in Figure 29f was created by applying
voltages of 700 V and 500 V to the RIG and the STorIT respectively. However, as can be seen
from both the equipotential lines in the interface region (Figure 29c) as well as the ‘bumps’ on the
plot of the electric potential (Figure 29f), the interface is not as smooth as was obtained with the
previous arrangement (Figure 29b).
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Figure 29: Top - three possible ways of merging the RIG with the SCIT. Equipotential lines are shown in
blue. Bottom - the variation of electric potential along the tangential path from the RIG to the STorIT (red
line in 2a) for each of the three geometries.

Ion transfer between linear trapping geometries, such as in dual linear ion traps, is usually
achieved with a supplementary ejection voltage3,4. The use of double-phase RF frequency ensures
that there is little to no rf barrier along the axial dimension where ion transfer takes place. On the
contrary, the electrode arrangements above lead to rf barriers in the axial dimension. Despite both
the RIG and the STorIT resembling a linear trapping geometry, the effective rf potential at the
interface differs from that in the rest of the system, as indicated by the ‘bump’ in Figure 29d and
the slope in Figure 29f. Studies on ion injection to ion trap mass analyzers as well as ion
manipulation in ion trap arrays for quantum computing have shown that transfer efficiency can
suffer as a result of rf barriers5,6. Therefore, in order to choose an optimum geometry for the RIGSCIT, the above models were evaluated in terms of their ion transfer characteristics.
4.4 Ion Transfer Characteristics and the Effect of DC Offset
4.4.1 Continuous Tangential Merge
The simplest of the above structures, the continuous tangential merge, was first used to
evaluate the effect of a positive, negative, and 0 DC voltage (Figure 30). An RF voltage of 200 V
and 2 MHz was applied to the top and bottom electrodes (not visible in Figure 29 or 30). Ions of
m/z = 100 Da and 0.1 eV initial kinetic energy were introduced to the RIG. Following collisional
cooling, three distinct trapping regions emerged in the RIG-SCIT system.
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Figure 30: Effect of DC offset and ion kinetic energy on ion transfer and trapping. Ten ions of m/z = 100
Da are shown in different colors. The images show three distinct regions where ions get confined – in the
RIG, in the STorIT, and in the interface between the RIG and the STorIT.

In the absence of a DC offset, ions were seen to occupy all three trapping regions. At any given
time, a majority of the ions preferred region 3 (the STorIT). However, some crossed over to region
1 via region 2. This ion transfer behavior clearly points towards region 2 being at a higher rf
potential and acting as a rf barrier (Figure 30a).
With a negative DC offset, ions were concentrated in region 2 where the potential reaches
a minimum (Figure 30d). However, in the presence of a positive DC offset of 5 V, ions were
confined to region 1, indicating that the rf barrier in region 2 had increased (Figure 30b). The initial
ion kinetic energy was therefore increased to 1 eV, enabling the ions to surmount the barrier and
enter region 3. Upon entering region 3, the ions remained there, having lost the initial boost of
kinetic energy to collisional cooling and no longer able to overcome the barrier to cross back to
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region 1 (Figure 30c). This situation presents a potentially successful mode of operation whereby
ions can be confined to the STorIT and prevented from re-entering the RIG.
4.4.2 Continuous Tangential Merge with Electrode Barrier
The same procedure was adopted with the second continuous tangential merge (Figure
29b). In this case, two distinct trapping regions were visible, as noted above – the RIG and the
STorIT. In the absence of a DC offset, ions did not favor one region over the other. This was the
expected behavior, given the smooth electric potential curve along the path of the ions (Figure
29e).
With the application of a negative DC offset, the majority of ions were confined to the RIG,
while a positive DC offset once more raised the potential barrier between the regions and confined
them to the STorIT. However, the drawback to this arrangement is that all ions wound up colliding
with the barrier part of the electrode. Therefore, further investigations are needed to determine a
suitable mode of operation or to make necessary adjustments to the electrode geometry.
4.4.3 Discontinuous Tangential Merge
With the discontinuous tangential merge, an extra variable comes into play since the RF
voltage of the RIG and STorIT can now be different. Moreover, the ability to create a potential
gradient along the ion path (Figure 29f) means that ions can be confined to the STorIT even in the
absence of a DC offset, unlike in the two previous scenarios. The addition of a positive DC offset
of 5 V however introduced the problem of ions colliding with the edge of the STorIT electrode,
the solution to which requires further investigation.
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4.5 Conclusion and Future Work
In conclusion, the integration of a RIG with the SCIT serves several useful functions that
broaden the range of applications of the instrument. However, the determination of the ideal
geometry for merging the third component requires the evaluation of a number of different options
in terms of their respective ion transfer characteristics. Certain geometries and resulting electric
fields may preclude the use of a negative DC voltage and impose a minimum ion kinetic energy
requirement. Investigation of other geometries for integrating the two components or changing
the dimensions of the RIG may lead to better transfer characteristics.

91

References
(1) Garimella, S. V.; Ibrahim, Y. M.; Webb, I. K.; Ipsen, A. B.; Chen, T.-C.; Tolmachev, A. V.; Baker, E.
S.; Anderson, G. A.; Smith, R. D. Ion Manipulations in Structures for Lossless Ion Manipulations (Slim):
Computational Evaluation of a 90 Turn and a Switch. Analyst 2015, 140 (20), 6845-6852.
(2) Kielpinski, D.; Monroe, C.; Wineland, D. J. Architecture for a Large-Scale Ion-Trap Quantum
Computer. Nature 2002, 417 (6890), 709-711.
(3) Li, L.; Zhou, X.; Hager, J. W.; Ouyang, Z. High Efficiency Tandem Mass Spectrometry Analysis Using
Dual Linear Ion Traps. Analyst 2014, 139 (19), 4779-4784.
(4) Liu, X.; Wang, X.; Bu, J.; Zhou, X.; Ouyang, Z. Tandem Analysis by a Dual-Trap Miniature Mass
Spectrometer. Analytical Chemistry 2018, 91 (2), 1391-1398.
(5) Quarmby, S. T.; Yost, R. A. Fundamental Studies of Ion Injection and Trapping of Electrosprayed Ions
on a Quadrupole Ion Trap. International Journal of Mass Spectrometry 1999, 190, 81-102.
(6) Hucul, D.; Yeo, M.; Hensinger, W. K.; Rabchuk, J.; Olmschenk, S.; Monroe, C. On the Transport of
Atomic Ions in Linear and Multidimensional Ion Trap Arrays. arXiv preprint quant-ph/0702175 2007.

92

CHAPTER 5: FUTURE WORK
Overview
As discussed in Chapter 3, the main impediment to efficient operation of the SCIT comes
from the low ion transfer and capture rate from the STorIT to the CIT. This area of operation holds
much room for improvement. A second challenge includes the undesirable axial excitation of ions
in the STorIT. Other modes of operation, as yet unexplored with the SCIT, may prove to be
potential solutions to these issues and more. This chapter discusses potential solutions to the said
shortcomings and presents suggestions that may improve the overall performance of the SCIT.
5.1 Improving Transfer and Capture Efficiency from the STorIT to the CIT
5.1.1 Better control over ion kinetic energy with two-phase RF
The maximum capture efficiency obtained from the STorIT to the CIT was 25% (Chapter
3), making this a critical operational parameter to the SCIT requiring improvement. The RF phase
that optimized capture efficiency was seen to be a function of ion kinetic energy. However, the
random distribution of ion kinetic energies in the STorIT makes it difficult to optimize the RF
phase.
A similar difficulty was encountered in a dual-LIT experiment where the trapping
efficiency of ions in the second LIT was very low due to the large kinetic energy distribution1. The
kinetic energy distribution was attributed to the oscillation of the potential at the center of the trap.
The issue was then overcome by employing a two-phase RF which ensures that the potential at the
center of the trap remains constant, resulting in a much lower kinetic energy distribution. Future
work on the SCIT involves experimenting with a two-phase RF.
5.1.2 Better capture efficiency with variable trapping pressure
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Improvements to transfer and capture efficiency can also be made on the CIT end.
Employing a variable pressure at each stage of operation may help capture more ions in the CIT
without compromising performance. This strategy resembles a discontinuous atmospheric pressure
interface (DAPI) in that the pressure is synchronized with ion transfer2. Increasing the pressure at
the point of transfer from the STorIT to the CIT could allow a higher capture efficiency in the CIT
for the fraction of ions that enter with a high kinetic energy. Normally, these ions tend to pass
through the CIT without getting trapped (see Chapter 3). Following the ion transfer step, the
pressure should be lowered before the mass analysis step. Such synchronization of pressure with
ion transfer may prove to be an avenue for improving the SCIT in the future.
5.2 Coupled Radial and Axial Excitation
Ion transfer from the STorIT to the CIT is done by applying a supplementary AC voltage
matching the radial secular frequency of the target m/z ratio. In our simulations, we recorded the
ion position with time and determined the radial secular frequency by a fast Fourier transform.
Applying the right excitation frequency then ejects the ions radially to the CIT. However, under
some circumstances, the target ions displayed axial excitation when irradiated with the radial
secular frequency. This unexpected and undesirable coupling of radial and axial excitation leads
to ion loss and a decrease in sensitivity. It is noteworthy that the coupling of radial and axial
excitation was seen where the applied DC offset was negative.
This phenomenon has previously been observed in the 3D QIT3. Unipolar excitation of the
3D QIT led to coupled radial and axial excitation of ions and the percentages of radial to axial
excitation depended on the working point (q). In our experiments, a quasi-dipole field, created
between a single electric pole and the ground, was used for ion excitation. The inner toroidal
electrode was grounded and the auxiliary AC voltage was applied to the outer toroidal electrode.
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Figure 31: The variation of radial and axial ejection ratio with DC offset. (a) SCIT geometry with a high
octopole ratio (highly nonlinear electric field) yields much larger percentages of undesirable axial
excitation. (b) SCIT geometry with a lower octopole ratio (less nonlinearity in the electric field) yields
lower rates of axial excitation.

The variation of radial and axial ejection ratios was studied using two SCIT geometries –
one with a high nonlinearity in its field (Figure 31a) and one with less nonlinearity (Figure 31b).
Coupled radial and axial excitation was prominent in the more nonlinear field. With higher order
field components, axial and radial field components are no longer independent, which may explain
the contribution of higher-order field components to larger percentages of coupled radial and axial
excitation.
5.3 Stability Diagram
Figure 32 below shows the stability diagram for the STorIT for an aspect ratio of 3.
Towards the right, a hexapole resonance line passes through, creating an area of instability.
Therefore, it should always be ensured that target ions do not fall into this region. Moreover,
isolation of a target m/z ratio at the apex of the stability diagram is precluded by the jagged features
in that region. Future work includes the determination of the stability diagram for the rest of the
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geometries for comparison. We expect that the nonlinear resonance region would be smallest for
the optimized geometry.

Figure 32: Stability diagram for of the STorIT for aspect ratio 3. Jagged apex and nonlinear resonance
line need to be avoided during operation.

5.4 Digital Waveform Operation
Digital waveform technology (DWT) involves the application of rf voltages with
rectangular waveforms. In ion traps, DWT does mass analysis using a frequency scan4,5 as opposed
to the voltage scan of the conventional sinusoidal waveform technology (SWT). DWT provides
much higher frequency resolution than the voltage resolution available from SWT, allowing
accurate and agile manipulation of the waveform. The key advantage to DWT comes from its
ability to perform mass-selective instability scan using duty cycle manipulation alone, without
using an auxiliary waveform6. A typical mass-selective instability scan yields relatively low
resolution and sensitivity because boundary instability is common to both x and y directions
(pseudopotential wells in x and y directions overlap). However, DWT allows a mass-selective
instability that is limited to a single direction. The two phases of the DWT rf waveform can have
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two duty cycles. This creates a split in the pseudopotential wells in the x and y directions and the
two no longer overlap. This allows the ion to become unstable at the x or y boundary but not both,
leading to much higher resolution and sensitivity6.
Since the stability diagram of the SCIT resembles that of a linear ion trap, the said mode
of DWT operation can be applied to it. The ability to achieve ion instability in a single direction
with duty cycle manipulation may be a potential solution to coupled radial and axial excitation.
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